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ABSTRACT 
Residential combustion of biofuel is an important source of aerosols and gases in the atmosphere. 
Emissions from biofuel combustion can affect the climate due to the presence of warming species 
that absorb radiation like black carbon and greenhouse gases, or cooling due to aerosols that scatter 
radiation back to space and affect cloud characteristics. The climate impact of emissions from 
biofuel combustion is uncertain in part due uncertainties in the physical, chemical, and optical 
properties of biofuel burning aerosols. This dissertation is divided into three investigations that 
address this gap in knowledge by providing information on the size distribution, mixing state, 
hygroscopicity, optical properties, CCN activity, and total quantity of aerosols emitted from 
biofuel combustion. 
The change in cloud characteristics due to biofuel burning aerosols is uncertain, in part, due to the 
uncertainty in the added number of cloud condensation nuclei (CCN) from biofuel burning. In the 
first investigation of this dissertation, I provide estimates of the CCN activity of biofuel burning 
aerosols by explicitly modeling plume dynamics (coagulation, condensation, chemical reactions, 
and dilution) in a young biofuel burning plume from emission until the plume reaches ambient 
temperature and specific humidity through entrainment. I found that aerosol-scale dynamics affect 
the average aerosol size and hygroscopicity only during the first few seconds of evolution, after 
which they reach a constant value. Homogenizing factors of the aerosol population mixing state 
are co-emission of semi-volatile organic compounds (SVOCs) or emission at small aerosol sizes. 
SVOC co-emission can be the main factor determining CCN activity for hydrophobic or small 
aerosols. Coagulation limits emission of CCN to about 1016 per kg of fuel. Depending on emission 
factor, aerosol size, and composition, some of these aerosols may not activate at low 
iii 
 
supersaturation. Hygroscopic Aitken mode aerosols can contribute to CCN through self-
coagulation, but have a small effect on the CCN activity of accumulation-mode aerosols, 
regardless of composition differences. Simple models (monodisperse coagulation and average 
hygroscopicity) can be used to estimate plume-exit CCN within about 20% if aerosols are 
unimodal and have homogeneous composition, or when aerosols are emitted in the Aitken mode 
even if they are not homogeneous. On the other hand, if externally-mixed aerosols are emitted in 
the accumulation mode without SVOCs, an average hygroscopicity would overestimate emitted 
CCN by up to a factor of 2. This work identified conditions under which aerosol populations 
become more homogeneous during plume processes. This homogenizing effect requires the 
components to be truly co-emitted, rather than sequentially emitted. 
In the second investigation of this dissertation I provide information on the hygroscopicity and 
optical properties of Organic Carbon (OC). OC is a ubiquitous component of ambient aerosols, 
and the major component of biofuel burning aerosols. The hygroscopic and optical properties of 
OC are important to include in atmospheric radiative transfer models, but OC absorption at high 
relative humidity is still uncertain. I provided a model that describes measured changes in aerosol 
size and optical properties of light-absorbing or “brown” OC from wood pyrolysis at relative 
humidity (RH) ranging from 40% to 95%. Extinction, scattering, and absorption were modeled 
using Mie-Lorenz theory, which requires aerosol size and refractive index at all RHs as inputs. 
Diameter growth factors as a function of RH were measured with a Hygroscopic-Tandem 
Differential Mobility Analyzer (H-TDMA) and fitted with the 𝜅-Köhler model. I explored several 
mixing rules to model the aerosol mixing state and estimate the effective refractive index of the 
humidified OC aerosol. There was agreement between modeled and measured extinction, 
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scattering, and absorption within the uncertainties of the system for nigrosin aerosols up to 92% 
RH. There was agreement in extinction and scattering of OC, but its absorption was too small to 
obtain an accurate measurement. Different models of the effective refractive index predict an 
increase in OC absorption of 10% to 30% at 90% RH for a light wavelength of 467 nm, and no 
change in absorption with RH at 530 nm and 660 nm. 
In the third investigation of this dissertation I assessed approaches to reduce the uncertainty in 
measurements of aerosol mass concentration obtained from light scattering. The aerosol mass 
emitted from a combustion event is a parameter needed in models describing the evolution of 
aerosols, hence it is typically measured in field measurements. Light scattering is widely used as 
proxy of aerosol mass concentration in commercial instruments. A main uncertainty in this 
approach is in the factor used to convert from scattering to aerosol mass, i.e., the mass scattering 
cross-section (MSC), which is obtained from a calibration aerosol, whose properties might differ 
from the aerosol measured. Using Mie-Lorenz theory, I assessed that MSC can vary between 0.04 
and 10.8 m2/g for the range of size distributions and refractive index of biofuel burning aerosols. 
Within a single combustion event, MSC can vary by up to an order of magnitude between different 
combustion phases due to changes in aerosol size, hence a fixed MSC value would incorrectly 
apportion aerosol mass to each combustion phase. To reduce the uncertainty in the inferred aerosol 
mass concentration, I evaluated using a look-up table approach with the wavelength and angular 
dependence of scattered light to constrain MSC. I estimated that this approach could reduce the 
uncertainty in MSC by 79% on average. Due to the sensitivity of scattered light to aerosol 
morphology, this approach may underestimate the mass of soot aerosols by more than a factor of 
two due to their fractal structure. 
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1. CHAPTER 1 
INTRODUCTION 
 
1.1. Introduction to Aerosols and Climate 
1.1.1. Aerosols and Climate 
An aerosol is a suspension of particles, either solid or liquid, in a gas. Aerosols can be emitted 
from natural sources or from anthropogenic activities. Aerosols influence climate directly through 
the scattering and absorption of solar radiation and indirectly through their role as cloud 
condensation nuclei (CCN) (Charlson et al., 1991; Ramanathan et al., 2001; Lohmann and 
Feichter, 2005; Chin et al., 2009). According to the Intergovernmental Panel on Climate Change 
(IPCC), the direct effect of aerosols on climate is “the mechanism by which aerosols scatter and 
absorb shortwave and longwave radiation, thereby altering the radiative balance of the Earth-
atmosphere system” (Forster et al., 2007). Aerosols can cool the atmosphere by scattering radiation 
back to space, or have a warming effect by absorbing the solar radiation. The indirect effect of 
aerosols on climate refers to the influence aerosols have on cloud formation and cloud properties 
(e.g., droplet concentration and size, cloud albedo, or cloud lifetime) (Lohmann and Feichter, 
2005; Koch et al., 2010). The total radiative forcing of aerosols is the combined effect of the direct 
and indirect radiative forcing. 
The scattering and absorption of light by aerosols is not only relevant for climate but also for 
visibility and atmospheric phenomena such as rainbows and glories (Mishchenko and Travis, 
2008). Extensive research has been conducted on the optical properties of ambient aerosols in 
2 
 
national parks for visibility (e.g., Dick et al., 2000; Lowenthal et al., 2003; Malm et al., 1994; 
Malm et al., 2005; Malm and Hand, 2007; Carrico et al., 2005). Regarding the indirect effect of 
aerosols, there are different ways in which aerosols affect cloud characteristics. A higher 
concentration of aerosols can lead to more and smaller cloud droplets, forming clouds with higher 
albedo. This is called the first indirect effect, cloud albedo, or Twomey effect (Twomey, 1974), 
with an estimated radiative forcing (RF) of -1.8 to -0.3 W/m2 (Forster et al., 2007). This RF is 
significant considering that the direct aerosol RF has been estimated to be 0.35 W/m2, with a range 
of -0.85 to +0.15 W/m2 (Myhre et al., 2013). The second indirect effect is the increase in the cloud 
lifetime due to reduced precipitation efficiency as a consequence of the reduced droplet size. This 
effect has been estimated to have a RF in the range of -0.3 to -1.4 W/m2 (Lohmann and Feichter, 
2005). Indirect effects can counteract the warming due to greenhouse gases and absorbing aerosols 
by increasing the cloud albedo. Aerosols can also affect the temperature profile in the atmosphere, 
which affects cloud formation. This is known as the semi-direct effect of aerosols (Rosenfeld and 
Lensky, 1998).  
IPCC has considered these effects to be key uncertainties for radiative forcing and climate models, 
since the current level of scientific understanding on these forcing has been considered to be “low” 
(Forster et al., 2007; Boucher et al., 2013). The combined aerosol direct and cloud albedo effects, 
at -1.9 to -0.1 W/m2 (Boucher et al., 2013), may be significant compared to the estimated radiative 
forcing of greenhouse gases of 2.83 W/m2 (2.54 to 3.12 W/m2) (Myhre et al., 2013). Furthermore, 
these aerosol effects have a much larger uncertainty than do greenhouse gases. Therefore, aerosol 
forcing plays a fundamental role in the uncertainty of net anthropogenic forcing, and to reduce the 
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uncertainty it is necessary to improve the understanding of the optical properties of aerosols and 
their role in cloud formation.  
The U.S. Climate Change Science Program highlighted the need to constrain and validate key 
parameters needed for modeling aerosol effects on climate (Chin et al., 2009; Seinfeld et al., 2016), 
including aerosol light absorption and scattering (direct effect), and aerosol-cloud interactions 
(indirect effect). These parameters, in turn, are governed by aerosol size and composition; 
furthermore, all aerosol-climate interactions are determined by the quantity of aerosols emitted, 
either number or mass. This research contributes to the understanding of (1) aerosol light 
absorption and scattering at atmospheric conditions; (2) aerosol-cloud interactions; and (3) aerosol 
quantities emitted, especially focusing on aerosols emitted from residential biofuel combustion. 
1.1.2. Aerosols in the atmosphere 
The size and composition of aerosols can change due to coagulation with other aerosols, gas-to-
solid conversion, and chemical reactions. There are natural sources of aerosols, such as mineral or 
volcanic dust, biological debris, and sea spray (Carslaw et al., 2010), and anthropogenic sources, 
i.e., those emitted from human activities like combustion of fossil fuels. Typical components of 
aerosols are inorganic species such as sulfate, ammonium, nitrate, sodium, chloride, trace metals, 
carbonaceous material, and water. Aerosols are also classified as primary if they are emitted 
directly into the atmosphere, or secondary, if they formed in the atmosphere through gas-to-aerosol 
conversion processes such as nucleation, condensation, and chemical reactions.  
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Carbonaceous aerosols are classified into black carbon (BC) and organic carbon (OC). Black 
carbon is emitted directly into the atmosphere from combustion processes, whereas organic carbon 
can be either directly emitted from a source (primary OC), or formed through nucleation of low-
volatility gases (secondary OC). Organic carbon is composed of thousands of different organic 
compounds (Radzi et al., 1995; Oros and Simoneit, 2000). There are diverse sources of organic 
aerosols.  There are biogenic emissions, both primary (e.g., pollen, vegetation debris, bacteria) and 
secondary (e.g., precursor gases like isoprene); combustion of fossil fuel, biofuel, and open 
biomass burning, both primary and secondary; and organic components present in sea spray (Fuzzi 
et al., 2006). Secondary OC is formed through the oxidation of volatile and semi-volatile organic 
gases into low-volatile organic compounds that can partition into the aerosol phase (Donahue et 
al., 2006; Hallquist et al., 2009). 
The mixing state of aerosols refers to how the different species are distributed among the aerosol 
population. There are different representations of the mixing state. In an external mixture, each 
aerosol is composed of only one chemical species. In an internal mixture, aerosols of a given size 
are composed of two or more components, either heterogeneously or homogeneously mixed.  
Aerosols can be classified according to their size. Aerosols with a diameter smaller than 2.5 m 
are in the “fine” aerosol mode, whereas those with a diameter larger than 2.5 m are in the “coarse” 
mode. The fine mode is itself divided into the “nucleation” mode (diameter up to 10 nm), “Aitken” 
mode (diameter between 10 and 100 nm), and “accumulation” mode (diameter between 100 nm 
and 2.5 m) (Seinfeld and Pandis, 2006). 
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1.1.3. Optical properties 
Aerosols interact with incident electromagnetic fields. The energy of a field can be absorbed by 
the aerosol, converted to thermal energy and re-radiated at a different wavelength, or scattered by 
the aerosol, meaning that energy is redirected into all directions (Bohren and Huffman, 1983; 
Seinfeld and Pandis, 2006; Petty, 2006; Mishchenko and Travis, 2008). Extinction is defined as 
the sum of the scattered and absorbed light. Aerosol scattering and absorption is a function of the 
aerosol size, shape, composition, and the wavelength of light (.  
The interaction of a given material with the electromagnetic field is described by a complex 
number, the refractive index m = n + ik. The real part n and imaginary part k are closely related to 
the scattering and absorption of light, respectively. Materials with higher values of n at a given 
wavelength scatter more light. Similarly, higher values of k are associated with greater absorption 
1.1.4. Hygroscopicity and aerosol activation 
Water can be an important component of aerosols. The term hygroscopicity refers to the capacity 
of an aerosol to take up water vapor from the surrounding environment. As the relative humidity 
increases (RH), water condenses on a hygroscopic aerosol, increasing its size and affecting its 
composition. The deliquescence point is defined as the RH at which some inorganic species start 
to take up water when the RH is increased, producing a saturated solution. On the other hand, the 
efflorescence RH is the point at which inorganic species crystallize as the RH is decreased. The 
deliquescence and efflorescence RH may differ. For instance, the deliquescence point of 
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ammonium sulfate is 80% RH, and the efflorescence point is 35% RH. Uptake of water affects 
direct forcing by aerosols by changing aerosol size and, hence, scattering and absorption.  
Formation of cloud droplets in the atmosphere requires the presence of aerosols that allow the 
condensation of water vapor. There are two opposing effects that affect the formation of cloud 
droplets. Water vapor condenses on a hygroscopic aerosol because the equilibrium water vapor 
pressure over a solution is lower than over pure water; this is called the Raoult effect. This effect 
is opposed by the surface tension due to the curvature of the aerosol, also called the Kelvin effect. 
Köhler theory relates these two effects to the ambient relative humidity: 
 
RH
100
= 𝑎𝑤 exp (
4 𝜎𝑠MW
𝜌 R T D
)  
where aw is the water activity of the aerosol, representing the Raoult effect, and the exponential 
term represents the Kelvin effect, where s is the surface tension of the solution droplet, MW and 
 are the molar mass and density of water, respectively, R is the universal gas constant, T is the 
temperature, and D the droplet diameter (Rose et al., 2008). The supersaturation is defined as 
s = RH – 100%, and it is expressed as a percentage. 
Köhler theory indicates that for a hygroscopic aerosol of a given size there is a critical 
supersaturation at which the product of the Raoult and Kelvin effect is a maximum. At any higher 
supersaturation the aerosol will spontaneously grow into a cloud droplet. This process is called 
activation of the aerosol. Since the surface tension effect decreases with increasing aerosol size, 
bigger aerosols activate at lower supersaturations. Similarly, the critical supersaturation decreases 
with increasing mass fraction of hygroscopic material in the aerosol (Andreae and Rosenfeld, 
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2008; Rose et al., 2008). Aerosols that can activate at a given supersaturation are called Cloud 
Condensation Nuclei (CCN). 
1.1.4.1. Aerosols from Biofuel Combustion: Relevance and Background Information 
Residential combustion of biofuels (including wood, dung, agricultural residues, and charcoal) is 
an important source of trace gases and aerosols (Chuen-Yu et al., 2011; Williams et al., 2012). 
Biofuel combustion is an important source of particulate matter (PM), contributing 20% of primary 
organic carbon (OC) and black carbon (BC) globally (Bond et al., 2004). Ludwig et al. (2003) 
estimated that domestic biofuel combustion also contributes 7 to 20% of the global budget of CO2, 
CO, and NO. Akagi et al. (2011) estimated that biofuel burning emits 150 Tg/yr of non-methane 
organic compounds.   
This work examines combustion of biofuel for energy supply rather than open biomass burning. 
The latter refers to large open fires of natural origin or for deforestation and agricultural clearing. 
Although both activities combust cellulosic fuels, residential biofuel burning plumes dilute to 
ambient conditions within seconds to minutes. In contrast, biomass burning plumes from an 
individual event result from uncontrolled combustion of a large area of fuel, and can extend for 
several kilometers (Trentmann et al., 2006). Open biomass burning contributes 74% of primary 
OC and 42% of BC to the global budget (Bond et al., 2004). Although biofuel burning contributes 
a smaller fraction (20% of primary OC and BC globally), it still represents a significant fraction 
of global emissions that dominates some regions. 
Residential combustion of biofuel is ubiquitous around the world. Nearly 3 billion people rely on 
biofuels as their primary source of energy (Ezzati and Kammen, 2002; Legros et al., 2009), despite 
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the health risks of the emissions (Valavanidis et al., 2008; Londahl et al., 2008; Adler, 2010). 
Cookstove use leads to high indoor concentration of PM, from 300 to 3,000 μg/m3 24-hour PM10. 
By comparison, WHO recommends 50 μg/m3 24-hour PM10 (Adler, 2010). It is estimated that 
aerosols emitted from cookstoves are responsible for more than 1.5 million deaths per year (Ezzati 
and Kammen, 2002; Schirnding et al., 2002; Lim et al., 2013). 
Biofuel combustion emissions also affect the climate since it is an important source of BC, an 
important warming species (Jacobson, 2000), and greenhouse gases that absorb radiation (Smith 
and Center, 2000; Johnson et al., 2008). OC could potentially be a significant warming species in 
the atmosphere due to its abundance (Feng et al., 2013). On the other hand, biofuel combustion is 
also a source of aerosols that have a cooling effect due to backscattering of solar radiation 
(Grieshop et al., 2011). Kodros et al. (2015) estimated the global-mean direct effect of biofuel 
burning aerosols to be between -0.02 and +0.06 W/m2, and the indirect effect to be between -0.02 
and +0.01 W/m2. The IPCC has estimated the direct radiative forcing of biomass burning 
(including biofuel) as +0.03 ± 0.12 W/m2 (Forster et al., 2007). The uncertainty is three times 
larger than the estimate; even the sign of the forcing is in question. Hence, several studies have 
focused on biomass and biofuel burning to improve their representation in models.  
Jacobson (2010) found that eliminating biofuel soot and gases in addition to fossil fuel soot 
emissions resulted in a cooling effect and reduced surface air temperatures by 0.4 – 0.7 K, whereas 
eliminating fossil fuel soot emissions alone decreased air temperatures by only 0.3 – 0.5 K. In 
contrast, Bauer et al. (2010) found that reducing biofuel emissions of black and organic carbon 
aerosols by 50% decreased the number concentration of CCN, leading to an increase in radiative 
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forcing of 0.13 W/m2, and therefore led to an overall warming effect. Koch et al. (2011) 
summarized multiple model results showing that eliminating biofuel burning soot would reduce 
CCN concentrations and lead to a warming effect. The reason for the discrepancy in these studies 
lies, in part, in estimating the indirect effect. Both Bauer et al. (2010) and Koch et al. (2011) 
highlighted the sensitivity of their results to assumptions about aerosol properties such as size 
distribution and mixing state, that is, how chemical species are distributed across the aerosol 
population.  
The overall climate impact of biofuel combustion aerosols is still uncertain because of 
uncertainties in both direct and indirect effect. Emissions from biofuel combustion are likely to 
change in the future due to population growth, shifts in energy choice as income and resources 
change, and mitigation efforts to avoid health effects. The net change in climate caused by those 
shifts is also unknown.  
1.2. Description of Research Projects 
The previous sections summarized uncertainties in the aerosol properties that affect climate, 
including size distribution, mixing state, hygroscopicity, optical properties, CCN activity, and total 
quantity. The previous discussion also showed that biofuel burning produces a large fraction of 
atmospheric aerosol and is likely to change in the future, affecting climate in an uncertain direction. 
This dissertation contains three projects that provide constraints on climate effects of biofuel, all 
of which rely on an understanding of the physical, chemical and optical properties of particulate 
emissions and their connection with climate-relevant properties. 
10 
 
1) I provide estimates of how many cloud-active aerosols are likely to be emitted from biofuel 
combustion by simulating the evolution of the size and composition of aerosols in a biofuel 
burning plume (plume-exit modeling); 
2) I assess changes in light absorption by organic aerosol from biomass pyrolysis under water 
uptake at high relative humidities, which could alter the direct effect of aerosols (closure study 
between measurement and modeling); 
3) I evaluate the suitability of instruments that rely on light scattering to assess  emissions of 
aerosol mass, which could improve estimates made by cheap, widely available monitors 
(scattering as a proxy of mass).  
The following sections list the background and main objectives of each of these projects. Chapters 
2, 3, and 4 describe in detail the methodology, results, and contributions of each project. The final 
chapter summarizes the findings of my doctoral research, as well as suggestions for future work. 
1.3. Plume-Exit Modeling to Determine Cloud Condensation Nuclei Activity of Aerosols 
from Residential Biofuel Combustion (Chapter 2) 
How many aerosols are emitted from biofuel burning, and what is their CCN activity at emission? 
This information is important to estimate how biofuel burning emissions affect cloud 
characteristics, and hence, reduce the uncertainty of their indirect effect.  
1.3.1. Background  
As described in Section Error! Reference source not found., the magnitude of the indirect effect o
f aerosols emitted from biofuel combustion is still unknown, and this effect depends on the size, 
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composition, and quantity of emitted aerosols. Mann et al. (2014) compared models with 
observations under the AeroCom initiative and reported that some differences might be attributable 
to missing aerosol growth or assumptions in size distribution of emissions. In global models of 
atmospheric chemistry, emissions are instantaneously diluted into the large grid boxes in which 
the emissions occur. Plume-scale processes of coagulation, condensation and evaporation, 
chemical reactions, entrainment of dry air, and dilution, are neglected (Poppe et al., 1998; Gao et 
al., 2003; Jost et al., 2003), although they may affect the properties of aerosols in the plume 
(Trentmann et al., 2005). In young plumes, defined here as conditions where within-plume 
concentrations and temperatures are greatly elevated above background, high gas and aerosol 
concentrations intensify these processes. Within the first hour after emission, it is common to 
observe increases in inorganic aerosol mass by factors of 2-10 (Gao et al., 2003; Hobbs et al., 
2003), and increases in organic aerosol mass by factors of 1.6-4 (Alvarado and Prinn, 2009; 
Vakkari et al., 2014). Chemical and physical processes that occur during the early evolution of the 
plume affect aerosol composition, size, and hygroscopicity, and, thereby, the aerosols’ ability to 
become cloud droplets, i.e., aerosol activation. Research on activation properties within young 
plumes has examined large-scale biomass burning plumes. Previous research has shown that 
biomass burning aerosols can be effective CCN. Warner and Twomey (1967), Hobbs and Radke 
(1969), and Holle (1971) measured increases in CCN due to biomass burning emissions. Field 
studies have measured the aerosol evolution in biomass burning plumes from minutes to hours old 
(e.g., Liousse et al., 1995; Reid and Hobbs, 1998; Reid et al., 1998; Reid et al., 1999), and modeling 
efforts have quantified the aerosol evolution due to coagulation, gas-to-aerosol partition, and 
chemical reactions (e.g., Mason et al., 2001; Trentmann et al., 2002, 2005, 2006; Gao et al., 2003; 
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Jost et al., 2003; Alvarado and Prinn, 2009). To my knowledge, no study has investigated the 
plume dynamics that affect aerosol evolution within small-scale, young biofuel burning plumes. 
Furthermore, a distinction of this modeling approach from previous research is that we use an 
aerosol-resolved model to quantify the effect of plume processes on the evolution of mixing state, 
which can contribute to the uncertainty in estimated CCN (Ching et al., 2012). 
1.3.2.  Project Objective 
The main objective of this project is to provide estimates of CCN emissions from a residential 
combustion event, by modeling the evolution of aerosol size and composition of a representative 
sample of aerosols in a fresh biofuel burning plume, from the point of emission until plume exit, 
defined here as the condition when the plume reaches ambient temperature and specific humidity. 
These simulations are performed for a range of combustion and plume scenarios to estimate likely 
plume-exit properties, and to understand the level of detail required for estimating CCN 
concentrations. By modeling coagulation, condensation and evaporation, chemical reactions, and 
dilution in a fresh plume, I can identify the main plume-scale processes that determine the 
evolution of size and hygroscopicity, and hence, the main processes that determine the CCN 
activity of biofuel burning aerosols. This research is the first study that describes in detail the 
evolution of aerosols in a fresh biofuel burning plume. 
1.4. The Search for Model-Measurement Closure in Light Absorption of Organic Carbon at 
High Relative Humidity (Chapter 3) 
How much do absorption and scattering of organic carbon change in the atmosphere under 
conditions of high relative humidity? Chapter 3 addresses the hygroscopicity and optical properties 
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of OC, the major component of aerosols emitted from biofuel burning. Water condensation at high 
RH increases the size and can enhance the light absorption of aerosols (Chylek et al., 1984; 
Jacobson, 2000). Therefore, the climate impact of biofuel burning aerosols requires an accurate 
representation of the hygroscopicity and light absorption of OC.  
1.4.1. Background  
One important factor that can affect the optical properties of aerosols is relative humidity (RH), as 
water condensation on aerosols may affect the aerosols’ size, shape, and internal structure 
(Mikhailov et al., 2009). The increase in size due to water uptake usually leads to increased 
scattering. For example, scattering at one U.S. National Park was 2.25 times higher at RH of 90-
95% than at dry conditions (Malm et al., 2005), and light extinction in the urban area of Guangzhou 
increased by 1.75 times at 90% RH (Lin et al., 2012). Aerosols’ affinity for water also governs the 
number of cloud aerosols that may form and hence the brightness of these clouds (Twomey, 1974). 
Furthermore, although light scattering by cloud droplets is mainly determined by the droplet size, 
absorption of visible light by those droplets is affected by the original light-absorbing aerosols 
(Chylek et al., 1984; Jacobson, 2006). 
There are still important gaps in knowledge regarding the hygroscopic and optical properties of 
OC. Absorption by OC has been reported, especially at blue wavelengths (Kirchstetter et al., 2004; 
Sun et al., 2007; Chen and Bond, 2010), but its radiative forcing still is uncertain (Lin et al., 2014).  
Light absorption by atmospheric OC could alter radiative transfer. Chung et al. (2012) estimated 
that 20% of the total carbonaceous absorption (i.e., BC+OC) is due to organic matter. Feng et al. 
(2013) found that absorption by OC enhanced the global aerosol absorption optical depth by +3% 
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to +18% relative to non-absorbing OC, changing the organic aerosol direct radiative forcing from 
cooling (-0.08 W/m2) to warming (+0.025 W/m2). They also estimated that the radiative forcing 
of light absorbing organic carbon could be up to a quarter of the estimated forcing of BC. 
1.4.2. Project Objective 
The main objective of this project is identifying a model that describes measured changes in size 
and optical properties of organic carbon from wood pyrolysis, from dry conditions up to 95% RH. 
Focused laboratory studies that isolate the factors governing absorption, scattering, and 
hygroscopicity (water uptake or loss) are among the tools used to explore optical and physical 
changes of aerosols. In this project, I rely on laboratory measurements conducted by Dr. Benjamin 
Brem (Brem et al., 2012) to evaluate parameterizations that can be used in simulations of radiative 
transfer. The evaluation is based on “optical closure.” That is, agreement between measured and 
modeled aerosol absorption, scattering, and extinction, within uncertainty, provides confidence 
that the inputs and theories used in the models can be used to parameterize aerosol behavior in the 
atmosphere. Although all optical properties are important, an accurate representation of the 
absorption by OC and its dependence on RH are a special focus of this work. As part of this 
objective I assessed which representation of the effective refractive index of humidified OC 
aerosols best reproduced measured optical properties. 
1.5. Light Scattering as Proxy of Aerosol Mass Concentration from Residential Biofuel 
Combustion (Chapter 4) 
Can optical constraints be applied to better constrain mass emissions from biofuel burning that 
are currently sensed using real-time scattering measurements? The aerosol mass emitted from a 
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combustion event is typically measured in the field, and required in models describing the 
evolution of plume aerosols. There are several instruments that infer aerosol mass from 
measurements of light scattering; the main uncertainty in this approach is the conversion from light 
scattering to aerosol mass. This conversion is usually based on calibration aerosols with properties 
that differ from ambient aerosols. The main objective of this project is assessing how parameters 
that could easily be obtained in the field could be used to constrain the relationship between light 
scattering and aerosol mass concentration.  
1.5.1. Background Information 
Real-time and low-cost methods are useful when measuring emissions from combustion sources 
and the resulting ambient concentration of pollutants such as particulate matter (PM). Gravimetric 
analysis of filters has been commonly used for this task, but this method gives an average over the 
measuring time, and fail to capture the peaks in PM emissions that are characteristic of residential 
biofuel burning (Roden et al., 2006; Roden et al., 2009; Chowdhury et al., 2007). It is important 
to improve assessments of emissions from residential biofuel combustion. For this, it is necessary 
to have a continuous measurement of PM levels to study the rapid changes of emissions in real 
time. 
Several studies have correlated light scattering or extinction of aerosols and their ambient air mass 
concentration (e.g., Charlson et al., 1967; Liu et al., 2002; Sioutas et al., 2000; Chow et al., 2002; 
Chow et al., 2006; Chowdhury et al., 2007; Tomasi and Vitale, 1985; Cachorro and deFrutos, 
1997) because measuring light scattering is a simple, cost effective method that provides 
continuous data. The main assumption when estimating aerosol mass from measured light 
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scattering is that there is a linear relationship between the aerosol light scattering coefficient (bsp) 
(units of m-1) and its mass concentration M (g/m3), i.e.,  
 M = bsp/MSC (1.1) 
where MSC is the mass scattering cross section (scattering cross section normalized to aerosol 
mass, units of m2/g). Several instruments use this principle. For instance, the DustTrak aerosol 
monitor (TSI Inc.); the PM2.5 Personal Exposure Monitor (PEM, MSP Corp.; MicroPEM, RTI); 
the integrating nephelometer MIE personal DataRAM (pDR, Thermo Fisher Scientific Inc.); and 
the Indoor Air Pollution meter by Aprovecho Research Center. The IMPROVE (Interagency 
Monitoring of Protected Visual Environments) network also uses this principle to estimate 
visibility degradation, although using light extinction instead of scattering (Watson et al., 2002; 
Pitchford et al., 2007). 
The advantage of simplicity and low cost of using light scattering as a proxy of aerosol mass 
concentration is offset by the uncertainty, since inferring mass concentration relies on the value of 
MSC chosen in equation (1.1). Some instruments like the DustTrak or the MicroPEM include a 
filter to measure gravimetric mass and hence provide an event-long correction to the aerosol mass 
estimated from scattering. Here, I explore methods other than filter collection to provide 
corrections or uncertainties. Scattering is determined by aerosol size, shape, and composition, so 
a change in one of these parameters affects MSC. Roden et al. (2006) measured MSC between 1.4 
± 0.3 and 3.3 ± 1.1 m2/g at  = 530 nm for aerosols from cookstoves in Honduras. Hobbs et al. 
(1997) measured MSC = 2.8 ± 0.75, 3.3 ± 0.75, and 3.3 ± 1.0 m2/g at  nm for biomass 
burning aerosols in Maraba, Porto Velho, and Cuiaba (Brazil), respectively. Chand et al. (2006) 
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measured an average MSC = 5.0 m2/g at 545 nm for biomass burning aerosols in the Amazon 
basin. Hoffer et al. (2006) measured MSC between 1.96 and 2.53 m2/g at nm for humic-
like substances isolated from biomass burning aerosols. Ross et al. (1998) modeled MSC between 
2.9 and 4.6 m2/g at nm for biomass burning aerosols in Brazil. Hobss et al. (1996) 
measured MSC = 3.8 ± 0.2 m2/g at  = 540 nm for aerosols from the combustion of red cedar. 
Reid and Hobs (1998) reported a MSC of 2.8 ± 0.5 and 3.6 ± 0.4 m2/g at  = 550 nm for flaming 
and smoldering conditions, respectively, in their study of forest fires in Brazil.  
MSC not only varies between different burning events, but also throughout a single combustion 
event. Biofuel combustion is a complex, dynamic process, ranging from the heating of the fuel, 
dehydration, pyrolysis, and oxidation of the volatiles and char (Fang et al., 2014). The efficiency 
of the combustion varies with time, from the ignition or start of the combustion, to the flaming 
phase, until smoldering or burn out. These changes also affect the aerosol properties, and hence, 
MSC. For instance, Hosseini et al. (2010) measured an increase in count median diameter from 10 
to 50 nm during the first 60 s of combustion of biomass, followed by a slow decrease back to 10 
nm for the next 20 min. Roden et al. (2006) measured single scattering albedos (i.e., the ratio of 
scattering to extinction) no smaller than 0.5 during smoldering of biofuel. During flaming, they 
measured single scattering albedos as small as 0.1. Some instruments like the DustTrak or the 
MicroPEM include a filter to correct the reported aerosol mass concentration, so that the integrated 
scattering signal is normalized to match the gravimetric mass. However, this correction does not 
provide information on how to apportion mass for the different combustion phases. 
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To determine the value of MSC to use in equation (1.1), optical instruments are calibrated with 
aerosols of known composition and specific optical properties. An example of a calibration aerosol 
is Arizona Test Dust, which has a specific density of 2.65, a refractive index of 1.54, geometric 
mass mean diameter of 2.12 m, and geometric standard deviation of 1.57 (Kurmi et al., 2008; 
Wallace et al., 2011). However, the properties of calibration aerosols differ from those of ambient 
aerosols, hence resulting in a bias in the estimated aerosol mass. Water uptake and volatile species 
can also pose a problem. Chakrabarty et al. (2004) observed that for RH greater than 60%, the 
personal nephelometer MIE pDR overestimated the mass concentration by up to 71% due to water 
uptake. Sioutas et al. (2000) found that the pDR estimated as much as twice the value given by the 
gravimetric analysis for RH bigger than 90%, but could be corrected by using a diffusion dryer. 
They found significant linear relationships between the pDR and the gravimetric analysis (r2 above 
0.8) when they corrected for nitrate losses. Jenkins et al. (2004) obtained r2 = 0.98 in correlations 
between the pDR and 24-h gravimetric mass in controlled laboratory simulations of tobacco 
smoke, cooking oil fumes, and cedar wood smokes. Fischer and Koshland (2006) obtained r2 = 
0.92 between a pDR and gravimetric analysis for field measurements of rural kitchens but only for 
RH lower than 95%. Fischer and Koshland (2006) concluded that good correlations can be 
obtained by conducting field calibrations for each microenvironment, as long as there is a stable 
aerosol volatile fraction and RH.  
The angular dependence of aerosol scattering has been used to improve estimates of aerosol 
properties such as size. Westwater and Coehn (1973) showed how variations of intensity with the 
scattering angle contain information on the size distribution. Post (1976) used this method to derive 
the size distribution of cloud droplets, without much success due to the low resolution of his 
19 
 
inversion method. Wyatt (1998) discussed the possibility of using multiangle light scattering 
together with field flow fractionation techniques to calculate the size of aerosols in fluids. 
Szymanski et al. (2009) modeled the performance of conventional Optical Particle Counters 
(OPC). OPCs collect the scattered light into a given solid angle and correlate that value with a 
aerosol size. Szymanski et al. (2009) estimated that OPCs underpredict the aerosol size by about 
60% due to unknown aerosol refractive index. The Aerosol Size and Shape Analyzer (ASPECT, 
Biral Ltd., UK) measures both the forward and azimuthal scattering, and provides a semi-
quantitative estimate of the aerosol size distribution and its shape (Szymanski et al., 2009). The 
Dual Wavelength Optical Particle Spectrometer (DWOPS) has four sensors to measure forward 
scattering (scattering angle of 10 to 30 degrees, relative to the incident light) and backscattered 
light (scattering angle of 150 to 170 degrees) for two wavelengths, 660 nm and 808 nm. This 
additional information allows the DWOPS to not only give a good estimate of the aerosol size 
(reported accuracy of 5% and precision of about 6%), but also returns the real and imaginary part 
of the refractive index with an accuracy of about 15% (Szymanski et al., 2008; Szymanski et al., 
2009). 
1.5.2. Project Objective 
These studies show that it is possible to obtain good linear correlations between aerosol mass 
concentration and light scattering, but large uncertainties are common. Since the main uncertainty 
in estimating aerosol mass concentration from measurements of light scattering is the variability 
of MSC, the main objective of this project is to assess approaches to constrain the MSC of biofuel 
burning aerosols using information easily obtainable in field studies. In particular, I assess using 
(1) the wavelength dependence of scattering, and (2) the angular distribution of scattered light, to 
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estimate MSC values and hence reduce the uncertainty in the measured aerosol mass 
concentration. I also assess whether this approach can be used for soot aerosols, since scattering is 
sensitive to aerosol shape and soot has a fractal morphology. I focus on the specific case of 
emissions of residential biofuel combustion, although this analysis can be extended to other 
sources. To my knowledge, this is the first work providing a theoretical approach to reduce the 
uncertainty in measurements of aerosol mass concentration from instruments using light scattering. 
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2. CHAPTER 2 
PLUME-EXIT MODELING TO DETERMINE CLOUD CONDENSATION NUCLEI 
ACTIVITY OF AEROSOLS FROM RESIDENTIAL BIOFUEL COMBUSTION 
 
2.1. Project Objective 
The main objective of this project is to provide estimates of CCN emissions from a residential 
combustion event. I model the evolution of aerosols within biofuel burning plumes from emission 
until plume exit, defined here as the condition when the plume reaches ambient temperature and 
specific humidity. These simulations are performed for a range of combustion and plume scenarios 
to estimate likely plume-exit properties, and to understand the level of detail required for 
estimating CCN concentrations. By modeling coagulation, condensation and evaporation, 
chemical reactions, and dilution in a fresh plume, I can identify the main plume-scale processes 
that determine the evolution of size and hygroscopicity, and hence, the main processes that 
determine the CCN activity of biofuel burning aerosols. 
2.2. Methodology 
A young plume is a rapidly changing environment. After emission, the plume rises due to thermal 
convection, and entrainment of background air lowers the plume temperature as well as the gas 
and aerosol concentration. The decrease in temperature increases relative humidity (RH), but the 
entrainment of background air counteracts this by decreasing the water content (Trentmann et al., 
2006; Shrivastava et al., 2006). The following sections explain how I modeled each of these 
processes. 
37 
 
2.2.1. Modeling aerosol evolution and CCN activation: PartMC-MOSAIC 
I modeled the aerosol dynamics within the plume with the Particle Monte Carlo (PartMC) model 
(Riemer et al., 2009) coupled to the Model for Simulating Aerosol Interactions and Chemistry 
(MOSAIC) (Zaveri et al., 2008). PartMC-MOSAIC is a box model that tracks the composition of 
individual aerosols within a Lagrangian air parcel as they evolve due to Brownian coagulation, 
condensation and evaporation (i.e. gas-to-aerosol partitioning), chemical reactions, and dilution. 
Whereas coagulation and dilution are modeled as stochastic processes with a Poisson distribution, 
MOSAIC simulates the gas and aerosol-phase thermodynamics, and gas-to-aerosol mass transfer 
(Riemer et al., 2009; Zaveri et al., 2008). MOSAIC uses the SORGAM scheme to model the 
formation of low- and semi-volatility products from the oxidation of precursors, and their gas-to-
aerosol partitioning (Schell et al., 2001; Zaveri et al., 2010). PartMC-MOSAIC simulates the 
mixing ratio of 77 gases and the mass concentration of 20 aerosol species in the plume. For each 
simulation I used a time-step of 0.005 s and 105 computational aerosols, each one representing a 
number of simulated aerosols in the plume. 
The high concentrations of gases and aerosols in a biofuel burning plume, as well as rapid 
temperature changes, lead to rapid condensation of semi-volatile species and aerosol coagulation. 
Since PartMC-MOSAIC is an aerosol-based method, which fully resolves the composition of a 
representative sample of individual aerosols in the plume, it is suited to study the evolution of 
complex biofuel burning aerosol distributions, and to investigate changes that may not be captured 
by moment-based (Whitby et al., 1997, McGraw et al., 1997) or sectional (Jacobson, 1997) 
schemes. While the latter two schemes have a long tradition in aerosol modeling studies, they 
approximate aerosol size and composition, and hence, their predictions are limited by the accuracy 
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of the approximation. For scenarios where mixing state does not have an effect on aerosol 
properties, these approaches are sufficient; for instance, if mixing by coagulation can be neglected 
relative to the condensation rate and no fresh emissions are entering the aerosol population, then 
all aerosols evolve equally and a sectional or moment-based scheme will capture the aerosol 
evolution.  However, in the rapid dilution of young biofuel burning plumes, high coagulation and 
condensation rates affect aerosols’ composition and size. Capturing the evolution of the mixing 
state may be important for predicting CCN activity. To obtain confidence in modeled outcomes in 
a rapidly-changing environment, it is necessary to use a scheme, such as an aerosol-resolved 
model, that avoids a priori approximations for the aerosol mixing state and size, hence PartMC-
MOSAIC is a uniquely-suited tool for this study. 
PartMC-MOSAIC has been used to model aerosol dynamics in urban areas (Riemer et al., 2009; 
Riemer et al., 2010; Zaveri et al., 2010), CCN activation (Ching et al., 2012; Fierce et al., 2013) 
and ship plumes (Tian et al., 2013).  Within PartMC-MOSAIC, I also implemented a module that 
reproduces the entrainment of background air (Jones, 2014), which allows for a variable water 
content in the plume.  
PartMC-MOSAIC uses prescribed temporal profiles of plume dilution rate, specific humidity, and 
temperature. Their derivation is detailed in Section 2.2.2. The initial conditions for the simulations 
are the aerosol size distribution, the aerosol composition at emission, and the gas mixing ratios in 
the plume at emission. To examine plume behavior and sensitivities, these initial conditions are 
specified and varied as described in Section 2.2.3. In the following section I explain how PartMC-
MOSAIC outputs can be used to describe the evolution of the CCN activity of biofuel burning 
aerosols. 
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2.2.1.1. CCN activation 
PartMC-MOSAIC returns the composition of individual aerosols in the plume for each time step 
of the simulation, which I use to calculate the hygroscopicity of each aerosol. I use the -Köhler 
model here to calculate aerosol hygroscopicity (Petters and Kreidenweis, 2007). The 
hygroscopicity parameter  comes from a parameterization of Köhler theory (Petters and 
Kreidenweis, 2007) and represents the hygroscopicity of a substance, that is, its capacity to uptake 
water. The value of  for an aerosol is calculated as the volume-average of the  of each aerosol 
component. With the value of  and the aerosol size, the critical supersaturation at which each 
aerosol activates can be calculated using the -Köhler model  
I also use several metrics to quantify CCN activity. First, the CCN efficiency is the fraction of 
aerosols that activate at a given supersaturation (ssat). At a sufficiently large ssat, all the aerosols 
activate and the CCN efficiency is one. Secondly, I calculate the critical supersaturation of the 
aerosol population, consisting of the supersaturation at which 5% (ssat5), 50% (ssat50), and 95% 
(ssat95) of the plume aerosols activate. I also evaluate the Emission Index of CCN (EICCN), which 
is the total number of CCN present at plume-exit per mass of fuel burnt (units of kg-1).  
In laboratory or field measurements the aerosol population is not sampled directly at the flame but 
after a period of cooling, so I use 325 K as a reference temperature, although any value close to 
ambient would suffice. I label parameters at this temperature with a ‘325’ subscript, e.g. the aerosol 
number concentration N325, or count median diameter CMD325. I also calculate the number of CCN 
at plume-exit normalized to the number of aerosols at a plume temperature of 325 K, which I term 
CCNexit/N325. This parameter indicates the fraction of emitted aerosols that result in cloud-active 
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aerosols, accounting for losses due to coagulation and lack of activity due to small size or 
hydrophobic nature. Similarly, I calculate the fraction of plume aerosols that reach plume-exit 
(Nexit/N325). In the calculation, I normalize initial and final plume concentrations by the 
concentration of carbon monoxide (CO) to account for the plume dilution. Since coagulation is 
modeled as a stochastic process, repeated simulations are not identical, but EICCN differences are 
within about 3%.  
2.2.2. Prescribed plume profiles used in PartMC-MOSAIC 
2.2.2.1. Plume entrainment  
Buoyancy-induced convection induces both vertical and horizontal dispersion (Trentmann et al., 
2005, 2006). A higher dilution rate cools the plume faster, which lowers the saturation vapor 
pressure of semi-volatile organic compounds (SVOCs) and favors partitioning to the aerosol phase, 
but also lowers the concentration of SVOCs in the plume, which favors partitioning to the gas 
phase (Shrivastava et al., 2006). Hence, dilution influences the predicted concentration of species 
(Poppe et al., 1998; Mason et al., 2001; Shrivastava et al., 2006; Donahue et al., 2006).  
I use the two-parameter dilution model from Von Glasow et al. (2003) to represent plume 
entrainment. This model describes a rising ellipsoidal plume as it rises. The gas or aerosol species 
concentration dilutes according to  
 
𝑑𝐶𝑝𝑙
𝑑𝑡
=
𝛼 + 𝛽
𝑡
 (𝐶𝑏𝑔 − 𝐶𝑝𝑙) (2.1) 
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where Cpl and Cbg are the species’ plume and background mass concentration, respectively, t is the 
time since emission, and  and  are empirical parameters describing the dilution in the horizontal 
and vertical direction, respectively. The solution to this equation is  
 𝐶𝑝𝑙(𝑡)  =  𝐶𝑏𝑘𝑔  − (𝐶𝑏𝑘𝑔 – 𝐶𝑝𝑙(𝑡0)) × (
𝑡0
𝑡
)
𝛼+𝛽
 (2.2) 
 
where t0 is a reference time for the emission of the plume. Because I model dilution, rather than 
plume shape, I set since one can choose different dilution rates by varying only one of the 
parameters 
2.2.2.2. Specific humidity profile 
Combustion of biofuel produces water due to: (a) oxidation of the hydrogen contained in the fuel, 
also termed ‘combustion moisture’, which can be calculated from the stoichiometry of the 
combustion reaction, and (b) the release of the water present in the fuel that is not chemically 
bound to the organic molecules of the fuel. The latter is also termed ‘fuel moisture’, expressed as 
a percentage of the fuel mass (Parmar et al., 2008). 
Combustion moisture ranges from 0.53 to 0.83 moles of water per mole of CO2 emitted, depending 
on the type of biofuel (Parmar et al., 2008); I use 0.72 according to the fuel composition in 
Nussbaumer et al. (2003). A fuel moisture (wet basis) of 50% gives a total of 1.54 kg of water 
emitted per kg of biofuel combusted. This corresponds to a water mixing ratio of 4 x 104 ppmv 
after stoichiometric combustion and complete evaporation, similar to the value Mason et al. (2001) 
used for a fresh biomass burning plume (104 ppmv). The specific humidity profile (Figure 2.1a) is 
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derived by using the dilution model (equation (2.1)) with an initial and background specific 
humidity of 0.15 and 0.01 kg/kg, respectively. 
2.2.2.3. Temperature profile 
The lower heating value of the fuel (16,000 kJ/kg; Boundy et al., 2011) combined with an energy 
balance gives the initial temperature of the parcel (1560 K) after stoichiometric combustion. The 
dilution model (equation (2.1)) provides the mass of air entrained from the background at each 
time step. By combining this mass balance with an energy balance, one can derive the temperature 
at each condition. Discretizing the plume evolution in k = 1, 2, …, N time steps of width t = 0.05 
s gives an equation for the temperature profile:  
 𝑇𝑘+1 = 𝑇𝑘 × ( 
𝑇𝑘
𝑇𝑎
 
∆𝑡 (𝛼 + 𝛽)
𝑡𝑘
+ (1 −
∆𝑡 (𝛼 + 𝛽)
𝑡𝑘
))
−1
 (2.3) 
      
where tk is the time after emission at the k-th time step, Ta is the ambient temperature, and T1 is 
the stoichiometric combustion temperature. As explained in Section 2.2.2.1, I assume  = . 
Within 15 s the plume reaches ambient temperature and specific humidity (i.e., plume-exit), so 
this time period is used for presentation. 
2.2.2.4. Background species 
Background aerosols and gases are brought into the plume by entrainment. The background gas 
composition is the same as in the work of Riemer et al. (2009), and there are no additional sources 
of aerosols or gases. Background aerosols are composed of 50% ammonium sulfate and 50% 
primary organic aerosol (POA), are lognormally distributed with a count median diameter (CMD) 
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of 500 nm, geometric standard deviation (GSD) of 1.3, and number concentration of 2.8 x 108 m-
3. I chose this low concentration, characteristic of a clean atmosphere, to focus on the evolution of 
the plume rather than the effects of background aerosols, since they can significantly affect the 
CCN activity of plume aerosols (Fierce et al., 2013). 
2.2.3. Study design 
About 300 PartMC-MOSAIC simulations with varying initial conditions were conducted, as 
summarized in Table 2.1. These initial conditions do not reproduce conditions exactly at the flame 
exit, because all reported measurements occur after some dilution and cooling. Instead, I chose 
initial conditions that produce plume-exit properties consistent with reported measurements. This 
allows an evaluation of how plume-exit properties are affected by in-plume dynamics. This section 
describes how initial conditions or other model parameters were varied to explore the sensitivities 
of plume-exit CCN also identifies an “illustrative case” which is used to introduce general plume 
behavior.  
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Table 2.1 Range of initial conditions and plume parameters analyzed to determine sensitivity. The “Illustrative 
Case” is a simulation used to present the general features observed in the plume evolution. 
Parameter Scenarios  Illustrative
Case 
Initial hygroscopicity  0 = 0.004 (ponderosa pine), 0 = 0.11 (chamise),  
0 = 0.20 (palmetto) 
0 = 0.004 
Initial CMD and GSD CMD0 = 25, 50, 100, 300 nm 
GSD0 = 1.1, 1.3, 1.6 
100 nm 
1.3 
EFPM 2, 4, 8, 12 g/kg  4 g/kg 
Dilution rate  =  = 0.5, 0.7, 1.0 
SVOC volatility SVOC1 (saturation vapor pressure1 = 4.0x10-6 Pa) or SVOC2 
(saturation vapor pressure1 = 1.2x10-4 Pa) 
SVOC1 
SVOC emission factor 
(EFSVOC) 
0 (no SVOCs), 5.62 g/kg  5.62 g/kg 
Initial aerosol 
distribution 
Unimodal or bimodal distribution Unimodal 
Initial mixing state External mixture of POA, BC, and ammonium sulfate, or internally 
mixed 
Internal 
mixture 
 
2.2.3.1. Initial condition: aerosol composition 
The initial composition of the plume aerosols is taken from laboratory experiments of biomass 
combustion of chamise, ponderosa pine, and palmetto reported by Lewis et al. (2009). 
Composition of residential biofuel burning emissions other than BC and POA are scarce, and, 
although aerosols emitted from biomass burning and residential biofuel combustion are not 
identical (Hays et al., 2002), their composition is similar (Woo et al., 2003). I use a range of 
compositions in this work. Since potassium is not represented in PartMC-MOSAIC, all potassium 
was apportioned as sodium (Na) following the work of Hand et al. (2010) and Zaveri et al. (2008). 
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Detailed composition is given in Table 2.2. Lewis et al. (2009) reported organic mass, which we 
use as POA for the initial composition in our simulations. BC/OC ratios from in-use cooking with 
biofuel have been measured between about 0.05 and 0.6 (Roden et al., 2006), consistent with the 
values used here. Aerosols from the combustion of ponderosa pine have a lower BC/OC ratio and 
inorganic content than those from combustion of chamise, and aerosols from combustion of 
palmetto have a large inorganic content. The variability in inorganic content gives a wide range of 
hygroscopicities, as shown in Table 2.2. 
In the initial model input, the aerosol is assigned the composition in Table 2.2. Some of the 
constituents may partition to the gas phase at high temperatures (Knudsen et al., 2004), and 
MOSAIC brings the system to equilibrium within 0.2 s. 
Table 2.2 Initial composition of aerosols emitted from the combustion of three fuels, from Lewis et al. (2009), 
and the corresponding volume-average hygroscopicity parameter  (Petters and Kreidenweis, 2007). OC 
specified here is assumed to be non-volatile. 
Component 
Mass Fraction [%] 
Ponderosa Pine Chamise Palmetto 
POA 0.001 97.8 48.8 42.8 
BC 0 1.2 27 4.4 
SO4 0.65 0.25 12.1 1.32 
NO3 0.65 0.25 1.21 0 
Cl 0.53 0.25 4.84 33 
NH4 0.65 0.12 0 13.2 
K  0.53 0.1 6.05 2.64 
Na 0.53 0.03 0 2.64 
Average0  0.004 0.11 0.20 
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2.2.3.2. Initial condition: aerosol size distribution 
Aerosols at emission are assumed to follow a lognormal size distribution described by a Count 
Median Diameter (CMD) and Geometric Standard Deviation (GSD). Studies on residential stove 
emissions report measured CMD values between 50 and 300 nm, and GSD values between 1.3 and 
2.2 (e.g., Dasch et al., 1982; Hedberg et al., 2002; Tissari et al., 2007). For the initial size 
distribution I modeled a unimodal distribution with CMD0 of 25, 50, 100, or 300 nm, and GSD0 
of 1.3. The corresponding initial aerosol number concentration was calculated using an emission 
factor of particulate matter (EFPM) of 2, 4, 8, or 12 g/kg. I also modeled scenarios with GSD0 of 
1.1, 1.3, or 1.6, each with a CMD0 of 25, 50, or 100 nm, and each with EFPM of 4 g/kg.   
2.2.3.3. Initial condition: Gases and semi-volatile organic compounds 
Table 2.3 presents EFs of the major gas species in the plume. To assemble a plume composition 
from diverse reports, I used the ratio between the EF of each species and the EF of CO, and 
multiplied it by a central estimate of EFCO (42 g/kg, Akagi et al., 2011). 
Table 2.3 Emission factor of plume gases in g/kg 
Gas Emission 
Factor [g/kg] 
Reference 
CO2 1626 Akagi et al. (2011) 
NOx (as NO2) 2.04 Christian et al. (2010) 
CO  42 Akagi et al. (2011) 
NH3  0.947 Akagi et al. (2011) 
SO2 0.57 Burling et al. (2010) 
HCl 0.139 Burling et al. (2010) 
CH4  2.32 Akagi et al. (2011) 
SVOC1, SVOC2  0, 5.62  Akagi et al., (2011)  
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SVOCs affect the aerosol size and composition of emitted aerosols (Martin et al., 2013; Vakkari 
et al., 2014). The exact chemical identification of secondary organic species is not necessary for 
the purposes of this research, instead only the volatility is important to describe partitioning in the 
plume (Donahue et al., 2006) because the short residence time in the plume precludes significant 
photochemical reactions. The species SVOC1 and SVOC2 in Table 2.3 are proxies for two SVOCs 
that I use to explore the effects of gases with different volatilities in the plume. MOSAIC uses the 
Secondary Organic Aerosol Model (SORGAM) scheme to model the formation and partitioning 
of low-volatility gas species. SVOC1 and SVOC2 correspond to two of the eight model species 
specified in SORGAM with vapor pressures of 4.0x10-6 Pa and 1.2x10-4 Pa at 298 K, respectively.  
To model different situations of total mass released, I used two values of emission factors (EFSVOC) 
for all non-methane hydrocarbons: EFSVOC of zero, representing a combustion event with no or 
negligible emissions of SVOCs, and 5.62 g/kg, a low estimate for cooking stoves (Akagi et al., 
2011). Simulations with higher EFSVOC values lead to the same conclusions. 
2.2.3.4. Plume dilution rate 
Dilution rate influences the predicted concentration of species in the plume, and hence, can affect 
the resulting aerosol composition and size. I model the range of dilution that could be expected in 
a biofuel burning plume, represented by the parameter  in equation (2.1). I estimate a value of 
between 1 and 2 by comparing modeled and measured temperature profiles of a plume from a 
wood heating stove, as shown in the appendix (Figure A.1). This is equivalent to a dilution rate 
between 1.0 and 2.7 s-1 when the plume reaches 325 K. Values of  smaller than 0.5 are not likely 
since this would correspond to dilution rate below 0.02 s-1 at 325 K, or a dilution ratio smaller than 
5:1, and would take the plume more than 30 s to reach ambient temperature. On the other hand, 
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values of  greater than 1 do not affect the mass of SVOC condensed, but reduce the coagulation 
rate so that changes in aerosol size and mixing state are less pronounced. Hence, simulations with 
 greater than 1 do not yield different CCN activity at plume-exit, although the plume reaches 
ambient temperature faster. Therefore, I present scenarios modeled with  =  = 0.5, 0.7, and 1.0. 
2.2.3.5. Mixing state: external vs. internal mixture as initial condition 
Biofuel combustion is a dynamic process, varying between flaming and smoldering. Hence, the 
composition of the aerosols emitted is not perfectly homogeneous and might change with time. To 
assess the effect of the initial mixing state on plume-exit CCN I used as initial condition an external 
mixture containing three unimodal populations: an inorganic mode composed of ammonium 
sulfate, one of non-volatile POA, and one of BC. The three populations have the same CMD0 and 
GSD0, and the mass of each population follows the composition of Chamise in Table 2.2 ( of 
0.11). I compare and contrast the results of the external mixture with a case where I assume an 
internal mixture of the same components as initial condition, with the same mass fractions as the 
external mixture case.  
2.2.3.6. Role of Aitken mode aerosols in determining plume-exit CCN 
Biofuel burning aerosols often have bimodal size distributions, containing an Aitken mode 
(aerosols less than 100 nm) and an accumulation mode (aerosols larger than 100 nm and less than 
one micrometer) (e.g., Hedberg et al., 2002; Li et al., 2007). The aerosols in the Aitken mode have 
a high coagulation rate, and inorganic species are usually more abundant in this mode (Torvela et 
al., 2014). 
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I modeled a plume in which the initial distribution contained an Aitken mode with CMD1 = 30 nm 
and an accumulation mode with CMD2 = 100 nm. I studied two different cases: an internal mixture 
in which aerosols in both modes have the same composition, and an external mixture in which the 
Aitken mode is composed of only ammonium sulfate and the accumulation mode is composed of 
a mixture of BC and POA. I call these the ‘homogeneous’ and ‘heterogeneous’ bimodal 
distribution scenarios, respectively. In both cases the mass fractions of BC, POA, and ammonium 
sulfate of the overall population are the same. To study the effect of small aerosols on plume-exit 
CCN I also varied the initial concentration of the Aitken mode (N0,Aitken), and changed the 
concentration of the accumulation mode to keep the same particulate mass emitted (EFPM  of 4 
g/kg). Since the mass of ammonium sulfate varies with N0,Aitken, the modeled composition differs 
from those described in Table 2.2 in these cases. 
I also repeated simulations with either the Aitken or accumulation mode removed, leaving only 
the remaining mode as a unimodal distribution. By comparing the resulting activation properties 
of these simulations, I assessed the role of the Aitken mode aerosols on the resulting CCN 
concentration. 
2.2.4. Simple estimates of condensation and coagulation 
While PartMC-MOSAIC models the aerosol population in great detail, this detail may not be 
necessary to capture all aerosol evolution. I assess the plume processes that can be simplified or 
parameterized by comparing simple estimates of the evolution of aerosol properties with PartMC-
MOSAIC predictions. These simple estimates are described below. 
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For coagulation, I estimated the number of aerosols lost at each time step using the formulation 
for a monodisperse aerosol distribution (Seinfeld and Pandis, 2006),  
d𝑁
dt
= 4√
6𝑘BT𝐷
𝜌
 𝑁2  
where N is the aerosol number concentration, kB is Boltzmann’s constant, T is the plume’s 
temperature, and D and  are the aerosol diameter and density, respectively. 
Regarding condensation, from the total mass condensed determined by PartMC-MOSAIC, I 
derived the consequent increase in aerosol size (CMD) by assuming that the GSD stays constant. 
I also calculated an average hygroscopicity  for all the plume aerosols to assess whether it could 
reproduce the results obtained with PartMC-MOSAIC. With the derived CMD, average , and 
aerosol number concentration, I estimated the plume-exit CCN and compared with PartMC-
MOSAIC predictions. This discussion is presented in Section 2.3.1. 
2.3. Results 
I begin the discussion of results with an illustrative case (Section 2.3.1) that demonstrates the 
evolution within the plume for a reference case, and then evaluate how this evolution changes with 
variations in the initial conditions (Sections 2.3.2 through 2.3.5). Inputs for the illustrative case are 
listed in Table 2.1.  
2.3.1. Illustrative case 
Figure 2.1b shows the evolution of the mass concentration of the main aerosol species for the 
illustrative case. SVOCs condense within the first two seconds of the plume’s evolution, driven by 
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the rapid drop in temperature (Figure 2.1a). The increase in inorganic species shortly after SVOC 
condensation consists mostly of NH4Cl that condenses at temperatures below 340 K (Zaveri et al., 
2008). Condensation of NO3 constitutes only 10% of the inorganic mass. The background NO3 gas 
enters the plume by dilution, and MOSAIC partitions this gas to the solid phase to maintain 
equilibrium (Zaveri et al., 2008). A very small amount (0.7%) of the NO3 in the aerosol comes 
from oxidation of NO2. This can be observed by removing all sources of NO3 in the simulation 
(initial aerosol composition and gases, and background); hence the resulting NO3 comes from 
oxidation (Zaveri and Peters, 1999). Number concentration is also shown in Figure 2.1b; it 
decreases faster than mass concentration due to coagulation. 
The effect of the rapid condensation of SVOCs and inorganic species on aerosol size and 
hygroscopicity can be seen in Figure 2.1c. CMD increases from 100 to 140 nm (black line), and 
the average  of the plume aerosols increases from 0.004 to 0.06 (blue line). By repeating the 
simulations with either condensation or coagulation disabled and comparing the results, one 
concludes that about 20% of the increase in CMD can be attributed to coagulation, and the 
remaining 80% is from condensation of SVOCs. In this scenario, where the aerosols begin with a 
homogeneous composition,  of individual aerosols changes only by condensation. Once the 
plume cools below 350 K (t=2.4 s), the CMD and average  change by less than 1% and 3%, 
respectively. Since most aerosol sampling occurs at conditions below 300-325 K, aerosol 
properties measured at this temperature are sufficient to represent aerosols later in the evolution of 
a young plume. 
Since condensation is the main cause of increased aerosol size and hygroscopicity, it is also the 
main factor driving aerosol activation. Coagulation increases CCN efficiency by about 20% by 
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increasing aerosol size, but it also lowers plume-exit CCN by 25% due to the decrease in aerosol 
number. The increase in aerosol size and hygroscopicity leads to an increase in the fraction of 
aerosols that can become CCN, as shown in Figure 2.1d for different ssat values. About half of the 
plume aerosols can activate at ssat of 0.3%, while most, but not all, aerosols activate at ssat of 0.5%. 
Regardless of the value of ssat chosen, CCN(t)/N325 changes by less than 3% after the initial rapid 
evolution of the plume. 
Transformation in this illustrative case can be summarized as a rapid increase in aerosol size and 
hygroscopicity dominated by SVOC condensation, and a decrease in aerosol number concentration 
determined by the coagulation rate and plume dilution. Since condensation is the main factor, one 
can estimate activation with a simple analysis as described in Section 2.2.4. Using only the 
condensed SVOC mass to derive the increase in aerosol size, and both the condensed SVOC and 
inorganic mass to derive the increase in hygroscopicity, one can estimate a CCN efficiency within 
15% of PartMC-MOSAIC’s result, the mismatch being due to neglecting the growth by 
coagulation. Furthermore, using the monodisperse coagulation model to estimate the aerosol loss, 
one can estimate CCNexit/N325 within 19%. Despite the complexity of the processes occurring in a 
fresh plume, at least in this illustrative case they can be qualitatively described with simple models. 
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Figure 2.1 (a) Prescribed profiles of specific humidity (left axis) and temperature (right axis). From these 
profiles, PartMC-MOSAIC calculates the plume RH (right axis). Time series of (b) mass concentration of 
plume aerosol species (left axis) and number concentration (right axis), (c) CMD (left axis), GSD and the 
average  of all plume aerosols (right axis). The shaded area in  is one standard deviation from the average. 
(d) CCN(t)/N325 for ssat of 0.1, 0.3, 0.5, and 0.7%. The vertical black line highlights when the plume temperature 
is 325 K. Although I modeled the first 30 seconds, I present results until the plume reaches ambient temperature 
and RH (plume-exit), i.e., t = 15 s. 
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2.3.2. Initial size and hygroscopicity, without co-emitted SVOCs 
In this section I analyze the sensitivity of plume-exit CCN to initial aerosol size and composition, 
when SVOCs are not emitted simultaneously. Figure 2.2a to 2.2c show the 12 scenarios analyzed: 
combinations of CMD0 of 25, 50, 100, and 300 nm, with 0 of 0.004, 0.11, and 0.2.  
Aerosols in all scenarios follow an evolution similar to that of the illustrative case: a rapid increase 
in hygroscopicity due to condensation of inorganic species (from o = 0.004, 0.11, and 0.2, to 325 
= 0.02, 0.13, and 0.25, respectively, with 325 the same within 0.01 for the different CMD0), and 
in size due to the high coagulation rate, especially for small aerosols (from CMD0 = 25, 50, 100, 
and 300 nm to CMD325 = 60, 78, 111 and 304 nm, respectively, with CMD325 the same within 5 
nm for the different 0). In particular, it is not possible to obtain a CMD325 of 50 nm or smaller 
with an EFPM above 3 g/kg due to the high coagulation rate. Below 325 K there is no more 
condensation, and coagulation is the only process affecting aerosol size. During the short time 
between this temperature and plume-exit, size changes by less than 5%. Carrico et al. (2016) report 
a aerosol size growth due to coagulation from 50 nm to 100 nm after 3 hours of aging in laboratory 
measurements of biomass burning plumes, similar to the growth predicted here. The similar 
aerosol growth, despite the large difference in aging, could be due to the much slower effect of 
coagulation on aerosol size once the plume dilutes, hence in both cases most of the aerosol growth 
might occur shortly after emission. 
Figure 2.2a shows the critical supersaturations of the aerosol populations at plume-exit for these 
scenarios. The mid-point is the supersaturation at which 50% of the plume aerosols become CCN 
(ssat50), and the bars indicate the supersaturation at which 5% (ssat5) and 95% (ssat95) of the 
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aerosols become CCN. Despite the high critical supersaturations of small aerosols, e.g., CMD325 
below 100 nm in Figure 2.2a, they can contribute substantially to EICCN for supersaturations above 
0.3%, as shown in Figure 2.2b and Table 2.4. This is because more small aerosols are emitted for 
a given EFPM, which eventually can become CCN. However, small aerosols with low inorganic 
content form CCN with low efficiency, with CCNexit/N325 differing by up to a factor of 7 in the 
scenarios with 325 of 0.02 and 0.25 (black columns in Figure 2.2c). 
 
Figure 2.2 (a) Critical supersaturation of aerosol populations (ssat5, ssat50, and ssat95), (b) EICCN, and (c) 
CCNexit/N325 at ssat of 0.7% for four different initial sizes (CMD0 = 25, 50, 100, and 300 nm) and compositions 
(0 = 0.004, 0.11, and 0.20). Labels show CMD and  at 325 K. No SVOCs are co-emitted (EFSVOC = 0).  Figures 
(d), (e), and (f) show the same scenarios but for EFSVOC = 5.62 g/kg. The scenario with CMD0 = 25 nm uses EFPM 
of 2 instead of 4 g/kg to achieve smaller CMD325 at plume exit. 
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Table 2.4 EICCN [kg-1] at ssat of 0.7% for scenarios with CMD0 = 25, 50, 100, and 300 nm (i.e., CMD325 = 60, 78, 
111, and 304 nm), and 0 = 0.004, 0.11, and 0.2 (325 = 0.02, 0.13, and 0.25), and no co-emitted SVOCs. 
EICCN at a ssat of 0.7% (x 1015) 
  
0 
CMD0 [nm] 0.004 0.11 0.2 
25 
 
1.05 5.73 7.44 
50 
 
1.86 6.54 7.84 
100 
 
2.57 3.46 3.14 
300   0.21 0.17 0.15 
 
I also conducted simulations using size distributions with GSD0 of 1.1, 1.3, and 1.6, each with 
CMD0 of 25, 50, or 100 nm. As with the CMD and , the GSD changes less than 5% below 325 K. 
Regarding CCN activity, the scenario with GSD0 of 1.1 can have EICCN up to twice as large as with 
GSD0 of 1.6. This is because a wider size distribution allocates some of the mass to aerosols too 
small to become CCN. 
2.3.3. Effects of co-emitted SVOCs 
The scenarios described in the previous sections were also modeled with co-emitted SVOCs 
(EFSVOC of 5.62 g/kg). Results appear in Figure 2.2d, 2.2e, and 2.2f. The main effect of co-emitted 
SVOCs is the aerosol size increase due to the added mass, and the consequent decrease in critical 
supersaturation as shown in Figure 2.2d and Table 2.5. The change in hygroscopicity is more 
varied; simulations with EFSVOC of 5.62 g/kg and an initial hygroscopicity  of 0.004, 0.11, and 
0.20changed to 325 of 0.06, 0.11, and 0.16, respectively. Engelhart et al. (2012) observed a similar 
change in aged biomass burning plumes; condensation of organic species increases the 
hygroscopicity of hydrophobic aerosols, but decreases it for more hygroscopic aerosols. This is 
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because SVOC condensation decreases the volume fraction of the (more hygroscopic) inorganic 
species. Hence, the inorganic content plays less of a role in determining the CCN activity of small 
aerosols when SVOCs are co-emitted, as can be seen by comparing Figure 2.2c and Figure 2.2f. 
Results of simulations with SVOC1 and SVOC2 are the same within a few percent. 
For EFSVOC above about 3 g/kg, condensation dominates the in-plume increase in aerosol size, 
change in hygroscopicity, and hence, critical supersaturation. This is shown in Table 2.5 for ssat50 
and different values of EFSVOC and EFPM. Changes in EFPM, and hence, aerosol number emitted 
and their coagulation rate, have a small effect in ssat50. For EFSVOC smaller than about 3 g/kg, 
aerosols grow more by coagulation.  
These results indicate that co-emission of SVOC material can be the main factor determining the 
CCN activity of biofuel burning aerosols. The CCN-modifying effect may be achieved only when 
SVOCs and primary aerosols are emitted simultaneously; it is not enough for them to be emitted 
from the same fire at different times. 
Table 2.5 Median critical supersaturation (ssat50) from simulations with EFPM of 2, 4, or 8 g/kg, and EFSVOC of 
0, 3, 5.62, and 10 g/kg. An initial size of CMD0 of 25 nm was used to model a high coagulation rate. 
ssat50 [%] 
 
EFSVOC [g/kg] 
EFPM [g/kg] 0 3 5.62 10 
2 >1 0.65 0.48 0.36 
4 >1 0.64 0.48 0.38 
8 0.91 0.63 0.49 0.38 
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2.3.4. Initial mixing state  
In the previous scenarios, all aerosols had the same composition at emission. In this section I study 
the importance of the initial mixing state for plume-exit CCN. As initial condition I use an external 
mixture of three modes, POA, BC, and ammonium sulfate, all with the same size distribution, and 
I analyze how results differ from the case in which the initial aerosols are internally mixed, 
corresponding to 0 of 0.11 in Table 2.2. Unless otherwise stated, no SVOCs are co-emitted. 
The aerosol size distribution follows the same evolution as in the previous scenarios. The 
hygroscopicity, however, is much more varied. Since PartMC-MOSAIC keeps track of the mode 
where each aerosol started, as well as each coagulation event, one can derive the fraction of 
aerosols that have coagulated with an aerosol from another mode. This is presented in Figure 2.3, 
which shows pairs of graphs for four scenarios, with the left figure of each pair demonstrating the 
evolution of coagulated aerosols with time, and the right figure showing the plume-exit distribution 
of CCN as a function of supersaturation and aerosol type. Figure 2.3b shows that coagulated and 
inorganic aerosols contribute the most to plume-exit CCN. Aerosols in the POA and BC mode that 
do not coagulate remain too hydrophobic or too small, and contribute to CCN only at 
supersaturations close to 1%.  
The fraction of aerosols that coagulate with another mode is sensitive to initial size: about 1% for 
CMD0 of 300 nm (CMD325 of 303 nm), 17% for CMD0 of 100 nm (CMD325 of 110 nm, Figure 
2.3a and 2.3b), and 97% for CMD0 of 25 nm (CMD325 of 70 nm, Figure 2.3g and 2.3h). Slower 
dilution rates (Figure 2.3c) and higher EFPM (Figure 2.3e) also increase the coagulation between 
modes, but these factors affect plume-exit CCN substantially less than initial aerosol size, as can 
be seen by comparing Figure 2.3d and 2.3f with Figure 2.3h. A higher dilution rate ( = 1) actually 
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decreases the coagulation rate, hence it affects plume-exit CCN by just a few percent. While other 
research has indicated that dilution is an important factor in plume chemistry and aerosol 
composition (Poppe et al., 2000; Shrivastava et al., 2006; Donahue et al., 2006), their work 
addresses large plumes aging over hours, while this work focuses on small plumes and aging time 
scales of seconds. 
As shown in Figure 2.3a, most of the coagulation between modes occurs early in the evolution of 
the plume. This fraction of coagulated aerosols increases by less than 16% below 325 K. This 
implies that activation properties are set early in the plume evolution, with ssat50 changing by only 
10% between 325 K and plume exit. 
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Figure 2.3 Fraction of aerosols in each mode (POA, BC, inorganic, or coagulated) as the plume evolves, showing 
how different initial conditions affect the coagulation between modes in an external mixture. a) Scenario with 
CMD0 of 100 nm and GSD0 of 1.3, EFPM of 4 g/kg,  of 0.7, and no SVOCs. The other figures are the same 
scenario modified with (c) slower dilution ( = 0.5), (e) EFPM of 12 g/kg, or (g) CMD0= 25 nm (CMD325= 70 nm). 
The vertical red line highlights when the plume temperature is 325 K. Figures (b), (d), (f), and (h) are the 
corresponding EICCN graphs to scenarios (a), (c), (e), and (g), respectively. 
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Figure 2.4 shows how EICCN differs when aerosols of different size are externally mixed at 
emission, as compared with the internal mixture case (solid and dashed lines, respectively). For 
CMD0 of 50 nm (black lines), EICCN of both mixing states is within 20%. For CMD0 of 300 nm 
(blue lines) EICCN is the same within 5% for ssat above 0.2%. The deviation grows with decreasing 
supersaturation, up to a factor of 2.5 at ssat of 0.1%. This low sensitivity to initial mixing state 
occurs because small aerosols have a higher coagulation rate and hence have a more homogeneous 
composition at plume-exit. This is consistent with Che et al. (2016), who observed that aerosols 
growing in the Aitken mode become more internally mixed in part due to coagulation. On the other 
hand, large aerosols have a low critical supersaturation, regardless of mixing state. For 
intermediate aerosols with CMD0 of 100 nm (red lines) EICCN differs by up to a factor of 4, 
indicating that aerosols are still externally mixed by plume-exit. However, when SVOCs are co-
emitted (red dotted line), the two scenarios differ by only 5% to 20% (red dashed line), because 
the added SVOC mass also has a homogenizing effect on the composition of the aerosol 
population. Hence, the initial mixing state has a smaller effect on plume-exit CCN when SVOCs 
are co-emitted.  
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Figure 2.4 EICCN for different initial mixing states and initial CMD0 of 50 nm (black), 100 nm (red), or 300 nm 
(blue). In the internal mixture case (dashed lines) all aerosols have the same initial composition, and no co-
emitted SVOCs. The external mixture scenarios (solid lines) have an initial composition of three modes (POA, 
BC, and inorganic) with the same mass fraction as in the internal mixture, and no co-emitted SVOCs. The 
dotted line is the same external mixture scenario but now with co-emitted SVOCs (EFSVOC = 5.62 g/kg). 
Figure 2.5 shows the distribution of critical supersaturation at plume-exit, similar to the 
presentation in Figure 2.2. The distribution calculated using the composition from PartMC-
MOSAIC is compared with the one using an average hygroscopicity for all aerosols. The use of 
an average hygroscopicity for aerosols that started with an external mixture leads to overestimating 
the  of POA and BC aerosols, and hence, their contribution to CCN. This is consistent with the 
field studies of Wang et al. (2010) and Che et al. (2016), who found that the internal mixture 
assumption overestimates CCN number by 10% to 45%. Figure 2.5 shows that an average 
hygroscopicity underestimates ssat50 by at least 60% in the scenarios with CMD325 of 110 nm,  
of 0.5, or EFPM of 12 g/kg. Since an average  implies that all aerosols have the same 
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hygroscopicity, its use also narrows the range of critical supersaturations (i.e., ssat95 – ssat5) by up 
to 80% for these scenarios. On the other hand, an average hygroscopicity is correct to within 10% 
for the case of small aerosols (CMD325 of 70 nm, top of Figure 2.5) and 29% for a case with co-
emitted SVOCs (EFSVOC of 5.62 g/kg). Hence, there is less need to understand the initial mixing 
state when plume aerosols have either a small size at emission, or SVOCs are co-emitted. This is 
consistent with the findings of Fierce et al. (2013) in their study of CCN formation from diesel 
emissions under atmospheric aging, that is, that CCN number is less sensitive to initial mixing 
state under rapid aging by condensation. 
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Figure 2.5 Critical supersaturation of aerosol populations (ssat5, ssat50, and ssat95), calculated with either the 
aerosol composition from PartMC-MOSAIC (blue), or an average  for all plume aerosols (red). The arrow 
highlights a “base case” simulation, i.e., an external mixture with EPPM of 4 g/kg, CMD325 of 110 nm,  = 0.7, 
and EFSVOC = 0. All other cases shown here are variations of this base case, obtained by changing one of the 
parameters as indicated in the labels. The horizontal dotted line separates scenarios testing the sensitivity to 
initial size (above), or SVOCs, dilution rate, or EFPM (below). 
2.3.5. Role of Aitken mode aerosols in determining plume-exit CCN 
In Section 2.3.2 I showed that small aerosols, i.e.¸ those with a CMD325 smaller than 100 nm, can 
substantially contribute to plume-exit CCN (Figure 2.2). In this section I examine the CCN activity 
of these small aerosols when they are emitted in a bimodal distribution. I differentiate between 
homogeneous distributions, in which all aerosols have the same composition, or heterogeneous 
distributions, in which the Aitken mode is composed of ammonium sulfate and the accumulation 
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mode contains BC and POA. For most of the simulations, I exclude co-emitted SVOCs in order to 
focus only on how the differently sized aerosols interact. All simulations use EFPM of 4 g/kg.  
Figure 2.6 shows EICCN for different initial relative concentrations of the Aitken (N0,Aitken) and 
accumulation mode (N0,Acc). I use the ratio between the two (RAit = N0,Aitken/N0,Acc) to indicate this. 
The figure also shows whether plume-exit CCN originate in the accumulation mode, the Aitken 
mode, or both (colored areas). When aerosols are heterogeneously mixed at emission, EICCN 
change by up to a factor of 2 from RAit of 0.25 (Figure 2.6a) to 8.4 (Figure 2.6c). 
Figure 2.6 also shows the CCN spectra if the same size distribution were emitted with a 
homogeneous composition (black dashed lines). When the homogeneous-composition curves 
differ from the heterogeneous scenario (area graph), then identifying compositional differences 
between Aitken and accumulation mode is important. Also shown in the figure are the CCN if the 
accumulation mode component of the size distribution were emitted alone (red dotted lines), and 
if the Aitken mode component were emitted alone (blue dashed lines). Comparison between the 
bimodal result and the accumulation or Aitken mode spectra shows how the interaction between 
the modes affects plume-exit CCN. When these curves differ, plume-exit CCN would differ if the 
two modes were emitted simultaneously or sequentially. 
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Figure 2.6 EICCN for three different RAit = N0.Aitken/N0,Acc values. The scenario with RAit ~ 1 has N0,Aitken  = 1.6x1014 
m-3 and N0,Acc = 1.2x1014 m-3. The colored area corresponds to a heterogeneous bimodal distribution, each color 
describing the source of the aerosol that is CCN-active at plume exit. The label ‘self coag’ refers to aerosols 
that have coagulated only with aerosols from the same mode. ‘no coag’ refers to aerosols that have not 
coagulated with any other aerosol type. The dashed blue and red lines correspond to a repetition of the 
simulation but with either the accumulation or Aitken mode removed, respectively. The black line corresponds 
to a homogeneous bimodal distribution, using the same RAit values. 
For RAit less than 1 (Figure 2.6a), most of the CCN originate with accumulation-mode aerosols. 
EICCN decreases by less than 17% when the simulation is repeated with the Aitken mode removed 
(red dashed line).  On the other hand, when N0,Aitken is similar to N0,Acc (Figure 2.6b), most of the 
CCN have a component from the Aitken mode. A simulation using only the Aitken mode gives 
EICCN within a few percent of the bimodal distribution (blue dashed line), indicating that the 
accumulation mode does not contribute much to EICCN. When the Aitken-mode number 
concentration is much higher than that in the accumulation mode (Figure 2.6c), most CCN also 
have a component from the Aitken mode, and the presence of the accumulation mode can actually 
decrease EICCN due to the higher coagulation rate and aerosol loss, as shown by the comparison 
with the Aitken-only simulation (blue dashed line).  Increasing N0,Aitken increases plume-exit CCN 
because it increases the inorganic mass in the plume (by a factor of 4 in Figure 2.6c compared to 
Figure 2.6b), and also the hygroscopicity of POA and BC aerosols that coagulate with inorganic 
aerosols, as discussed in Section 2.3.4.  
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When aerosols are initialized with a homogeneous composition (black lines in Figure 2.6), the 
number of aerosols originally in the Aitken mode has a small effect on EICCN. Varying RAit from 
the minimum (Figure 2.6a) to the maximum case (Figure 2.6c) changes EICCN by 7%, because the 
accumulation mode is already hygroscopic enough to become CCN.  
Figure 2.7 summarizes plume-exit properties for simulations in which the initial distribution is a 
bimodal, heterogeneous distribution. Figure 2.7a shows the critical supersaturation distribution 
within each aerosol population for the composition from PartMC-MOSAIC (blue), beginning with 
either a homogeneous or a heterogeneous population. The critical saturation that would be 
predicted with the use of an average  across all aerosols is also shown (red). Accumulation-mode 
(squares) and Aitken mode (triangles) are separated. In the heterogeneous case, the inorganic mass 
is found in the Aitken mode; artificially spreading this mass across the entire aerosol distribution 
with an average  leads to overestimating the critical supersaturation of the Aitken mode and 
underestimating that of the accumulation mode. 
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Figure 2.7 (a) ssat5, ssat50, and ssat95 of homogeneous and heterogeneous bimodal distributions with different 
RAit values, calculated separately for the Aitken mode (triangles) and accumulation mode (squares). 
Calculations were made with either the composition from PartMC-MOSAIC (blue), or using an average  for 
all aerosols (red). The vertical blue lines highlight ssat of 0.3% and 0.7%. (b) EICCN for the same scenarios for 
ssat of 0.3%, and (c) ssat of 0.7%. 
69 
 
Figure 2.7b and 2.7c summarize EICCN for two atmospherically-relevant values of ssat: 0.3% and 
0.7%. At ssat of 0.3% (Figure 2.7b), the use of an average  disagrees with PartMC results by 61% 
for RAit of 8.4, to a factor of 47 for RAit of 0.25. This occurs because the uncoagulated aerosols 
emitted at RAit of 0.25 have a great diversity in compositionWhen SVOCs are co-emitted, aerosols 
become hygroscopic and also reduce the diversity in ; the estimated EICCN agrees within 48% at 
ssat of 0.3%. At higher supersaturations (ssat of 0.7% in Figure 2.7c), most aerosols can function as 
CCN, and the disagreement in EICCN is at most 27%. 
2.4. Summary and conclusion 
I modeled the evolution of a biofuel burning plume from emission until it reaches ambient 
temperature and RH, for a variety of initial conditions and plume properties, with the objective of 
improving estimates of emitted CCN from residential biofuel combustion. The main findings of 
this study are: 
• After the plume dilutes and temperature drops below 350 K (t = 2.4 s for  =  = 0.7), aerosol 
size and  values change by less than 5%. This is observed in all scenarios.   
• Co-emission of SVOCs can be the main factor determining plume-exit CCN for hydrophobic 
or small aerosols, increasing EICCN by up to three orders of magnitude. If aerosols are already 
large and hygroscopic enough to activate at emission, co-emission of SVOCs has a small effect 
on EICCN (less than 5%). When aerosols are emitted with smaller diameters, more CCN result 
from the same emitted mass, yet these aerosols activate at higher supersaturations. For aerosol 
diameters below 100 nm, 10-80% of the aerosols can serve as CCN at atmospheric 
supersaturations. This dependence on initial aerosol size and hygroscopicity is shown in Figure 
2.2. 
70 
 
• Some combinations of emission factor and size are impossible because of rapid plume 
coagulation. The upper limit of EICCN is about 10
16 kg-1. Depending on emission factor, aerosol 
size, and composition, some of these aerosols may not activate at low ssat. For EFPM greater 
than 3 g/kg, plume-exit CMD is at least 50 nm.  
• When aerosols are emitted as a bimodal distribution, the Aitken mode contributes less than 2% 
to the plume-exit CCN if both modes have the same composition.  
• When the number concentration of more-hygroscopic Aitken mode aerosols is high compared 
to less-hygroscopic accumulation mode aerosols, the Aitken mode aerosols can create 
additional CCN through self-coagulation, but they have little effect on the CCN activity of 
accumulation-mode aerosols despite a large number of coagulation events between Aitken 
mode and accumulation mode aerosols. 
• A simple model (monodisperse coagulation and average hygroscopicity) can be used to 
estimate plume-exit CCN within about 20% if aerosols are unimodal and have homogeneous 
composition. The simple model would underestimate aerosol loss by coagulation in a bimodal 
distribution by at least an order of magnitude.  
• External mixtures become more internally mixed when aerosols are emitted in the Aitken 
mode, due to the higher coagulation rate, or with co-emitted SVOCs due to the homogenizing 
effect of the added mass. 
• Plume-exit average hygroscopicity can be used to estimate EICCN within 5-20% if aerosols are 
emitted in the Aitken mode, even if externally-mixed subpopulations exist within the Aitken 
mode. This is also true when SVOCs are co-emitted. The estimate improves as the aerosol size 
decreases, EFPM increases, or EFSVOC increases, since these factors enhance internal mixing in 
the aerosol population. 
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• On the other hand, if externally-mixed aerosols are emitted in the accumulation mode without 
SVOCs, an average  overestimates hygroscopicity, and hence overestimate EICCN by up to a 
factor of 2. 
In summary, this work has systematically evaluated how and when plume processes alter aerosol 
populations, thus identifying two key cautions about using measured aerosol properties to 
represent CCN activity in atmospheric models. The first condition involves SVOCs, which 
homogenize aerosol populations and increase their CCN activity. This homogenization occurs only 
when SVOCs are truly co-emitted. Sequential emission, even if separated by a few seconds, results 
in greater heterogeneity; emissions from an entire burn cycle captured in an aging chamber may 
not represent plume-exit properties. The second caution occurs when there is a substantial Aitken 
mode. The Aitken members of a bimodal distribution likely never contribute to CCN activity, and 
when an Aitken-only mode is emitted, the plume-exit numbers are reduced by coagulation. 
Atmospheric aging through coating or coagulation also affects the relationship between emitted 
aerosols and cloud properties (e.g. Fierce et al., 2014). The findings here are important because 
they describe (1) limitations in the emitted size distributions of primary aerosols, (2) the nature of 
directly-emitted aerosols near sources, before atmospheric aging has occurred, and (3) the nature 
of atmospheric aerosols when other atmospheric aging is slow. The results given here characterize 
the nature of the aerosols at plume-exit, after their evolution in a high-concentration environment 
where interactions with co-emissions prevail. The work of Fierce et al. (2016) describes 
subsequent evolution in the atmosphere, where factors external to the plume also play a role. Taken 
together, this body of work describes the complete evolution of biofuel-burning emissions 
beginning at the source and continuing through the atmosphere. 
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Previous research has described how aerosol dynamics and atmospheric aging in young biomass 
burning plumes affect aerosol properties in the time scale of hours or days (e.g., Reid et al., 1999; 
Trentmann et al., 2002; Alvarado and Prinn, 2009). We have shown that for residential biofuel 
burning plumes the plume-scale processes affect CCN activity within seconds after emission due 
to the high concentration of aerosols and gases, and the rapid dilution to ambient conditions. We 
also found that plume-exit CCN concentrations change by a few percent for the range of dilutions 
modeled here, whereas previous research on large, aged biomass burning plumes highlights the 
importance of dilution rate on plume chemistry and aerosol composition (Poppe et al., 2000; 
Shrivastava et al., 2006; Donahue et al., 2006). Furthermore, by using a aerosol-resolved model, 
we have quantified the homogenizing effect of condensation and coagulation in these small 
plumes. 
Experimental verification of the important findings could include observations of EICCN using a 
CCN counter, compared with gaseous carbon emissions, to demonstrate that EICCN is limited to 
1016 kg-1. The effect of co-emitted SVOCs could be evaluated by comparing CCN activity of a 
plume at different dilution ratios, where SVOCs would be expected to partition to the gas phase in 
the most dilute environments. The conditions under which the average-hygroscopicity assumption 
is expected to fail could be confirmed by performing CCN closure studies on aerosol generated 
with those specific characteristics; that is, aerosol size and composition could be measured with 
an Aerodyne Mass Spectrometer, and then CCN predicted from those values could be compared 
to measurements. Because biofuel emissions vary during the course of combustion, and because 
simultaneous emission affects the aerosol properties, these experiments should be conducted in 
real-time or on emissions from isolated phases of burning.  
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3. CHAPTER 3 
THE SEARCH FOR MODEL-MEASUREMENT CLOSURE IN LIGHT 
ABSORPTION OF ORGANIC CARBON AT HIGH RELATIVE HUMIDITY 
 
3.1.  Project Objective 
The main objective of this project is prescribing a model that describes measured changes in size 
and light extinction, scattering, and absorption of organic carbon from wood pyrolysis, from dry 
conditions up to 95% RH. As part of this objective I assessed which representation of the effective 
refractive index of humidified OC aerosols best reproduced measured optical properties. 
3.2. Review of Relevant Properties 
The key parameters governing scattering and absorption of light by a aerosol are (1) the 
wavelength (λ) of the incident radiation, (2) the size and shape of the aerosol, and (3) the aerosol’s 
refractive index. As aerosols take up or lose water their composition changes, and so does their 
refractive index. The resulting mixture of water and the original components might not be 
homogeneous. These changes affect the aerosol optical properties, so aerosol hygroscopicity, 
refractive index, and mixing state are key inputs for modeling light extinction, scattering, and 
absorption. In the following sections I discuss these properties in more detail. 
3.2.1. Water content: Hygroscopicity of Organic Aerosols 
Hygroscopicity describes the ability of an aerosol to take up or lose water. It is often expressed in 
terms of size or optical growth factors. For a spherical aerosol of diameter D, the size growth factor 
is GF(RH) = D(RH)/D(dry), i.e., the ratio of the diameter at a given RH to the one at dry conditions. 
The extinction, scattering, and absorption growth factors (fep, fsp, and fap, respectively) are also 
defined as ratios. For instance, the scattering growth factor is the ratio of scattering at a given RH 
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to the value at dry conditions, fsp(RH) = bsp(RH)/bsp(dry).  A growth factor of unity indicates no 
change at elevated RH.  
A wide range of hygroscopicities has been observed in atmospheric aerosols (Swietlicki et al., 
2008), ranging from nearly-hydrophobic aerosols (GF = 1.0 to 1.11) to less-hygroscopic aerosols 
(GF = 1.11 to 1.33) to more-hygroscopic aerosols (GF > 1.33) to sea-salt aerosols in marine air 
masses (GF > 1.85). Hygroscopicity depends on composition. The hygroscopicity of only a few 
pure organic compounds is comparable to that of salts like sodium chloride and ammonium sulfate 
(Peng et al., 2001; Peng and Chan, 2001). While OC in ambient aerosols does take up water 
(Saxena et al., 1995; Dick et al., 2000), it has GF of 1.2 or less at 90% RH (Malm et al., 2005; 
Gysel et al., 2007), small in comparison to that of inorganic salts like ammonium sulfate (GF = 
1.6 at 90% RH). Because ambient OC has lower growth than inorganic species, some studies refer 
to OC as “suppressing” aerosol hygroscopicity, meaning that the hygroscopicity is lower than it 
would be if the organic components of the aerosol were replaced with inorganic compounds 
(Virkkula et al., 1999; Carrico et al., 2005; Malm et al., 2005; Shantz et al., 2008; Hand et al., 
2010). Because OC has low water uptake, some optical and radiative transfer models assume it is 
completely hydrophobic (Lowenthal et al., 2003; Hand et al., 2010; Pitchford et al., 2007, 
Haywood et al., 1999; Ginoux et al., 2006; Cheng et al., 2008).  
It has become common to express the hygroscopicity of a substance using the parameter defined 
by Petters and Kreidenweis (2007), reviewed here briefly. Under the assumption that the partial 
molar volume of water can be approximated by the molar volume of pure water, the saturation 
ratio (S = RH/100) over an aqueous solution droplet is expressed as 
80 
 
 S = 𝑎𝑤 exp (
4 𝜎𝑠MW
𝜌 R T D
) (3.1) 
where aw its water activity, s is the surface tension of the solution droplet, MW and  are the 
molar mass and density of water, respectively, R the universal gas constant, T the temperature, and 
D the droplet diameter (Rose et al., 2008). I used the value of water for s as suggested in Petters 
and Kreidenweis (2007). The water activity is parameterized as 
 𝑎𝑤 =  
D(RH)3 − D(dry)3
D(RH)3 − D(dry)3(1 −  𝜅)
 (3.2) 
Using equations (3.1) and  (3.2) one obtains 
 S =  
D(RH)3 − D(dry)3
D(RH)3 − D(dry)3(1 −  𝜅)
exp (
𝜓
D
) (3.3) 
where 𝜓 = 2.1 x 10-9 m for T = 298.15 K. The relationship between GF, aw, and  is 
 GF =  (1 +
𝑎𝑤𝜅
1 − 𝑎𝑤
)
1
3⁄
 (3.4) 
From measurements of aerosol size versus RH one can calculate  for a given substance using 
equation (3.4). 
A wide range of  values have been measured for OC. Carrico et al. (2008) measured  as 0.063 
and 0.085 from filter extracts of aerosols from the combustion of biofuels. Carrico et al. (2010) 
observed  = 0.04 ± 0.02 for the carbonaceous component of fresh aerosol from 33 types of 
biofuels. Juranyi et al. (2009) used three methods to calculate  of oxidized 𝛼-pinene. With an 
H-TDMA they obtained GF =1.43 at 97% RH, which corresponds to  = 0.074 ± 0.025. They also 
obtained  = 0.09 ± 0.01 and between 0.02 to 0.04 from two other methods. Chang et al. (2010) 
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inferred  = 0.22 ± 0.04 for oxygenated OC, and  = 0.15 for the average hygroscopicity of 
atmospheric OC. Similar results were obtained by Massoli et al. (2011) for secondary OC, with 
GF from 1.05 to 1.35 at 90% RH, and 𝜅 changing from 0.05 up to  0.3, depending on the degree 
of oxygenation. All these values of  for OC are low in comparison to hygroscopic substances like 
ammonium sulfate with  = 0.53. 
There are other representations of GF. Tang (1996) used an electrodynamic balance to measure 
changes in water activity and aerosol density of inorganic aerosols at different RH, and 
parameterized them as a power-law on the solute mass fraction x: 
 𝑎𝑤 = 1.0 + ∑𝐶𝑖𝑥𝑖 (3.5) 
 ρ =  1.0 + ∑𝐴𝑖𝑥𝑖 (3.6) 
Values for the coefficients Ci and Ai for different species are given in Tang and Munkelwitz (1994). 
By equating the measured RH to aw in these equations, one can derive the density at different RH, 
and with a mass balance one can calculate the GF:  
 GF =  (
1
𝑥
 
𝜌0
𝜌
)
1
3
 (3.7) 
where  is the density at dry conditions. Since the aerosols used in Tang (1996) were a few 
micrometer in size, this model does not include the surface tension or Kelvin effect. I use this 
model to evaluate measurements of GF, as described in Section 3.3.3.1. 
3.2.2. Refractive index values 
To model the optical properties of an aerosol one needs to know the aerosol dielectric properties 
relative to the surrounding medium (Mie, 1908; Bohren and Huffman, 1983; Mishchenko and 
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Travis, 2008). These are represented by the refractive index m = n + ik, a complex number that is 
a function of wavelength and depends on the chemical composition of the aerosol. Scattering is 
sensitive to the size and shape of the aerosol and the real part of m, while absorption is more closely 
related to the imaginary part, although both n and k affect absorption and scattering. The refractive 
index of inorganic compounds like ammonium sulfate is well known, but this is not the case for 
nigrosin or OC. Table 3.1 and  Table 3.2 summarize reports of the refractive index of nigrosin and 
OC, respectively.  
Table 3.1 indicates that the refractive index of nigrosin is constrained to 1.65 < n < 1.72 and 
0.24 < k < 0.3. Table 3.2 shows a range of values for n for OC from biomass burning (1.44 < n < 
1.68) and a small range of k values (0 < k < 0.05) at visible wavelength. The wide range of n may 
reflect the fact that OC is composed of thousands of components, and that composition varies by 
source (Radzi et al., 1995; Oros and Simoneit, 2000). 
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Table 3.1 Literature values of the refractive index of nigrosin at different wavelengths () 
n k  [nm] Optical 
Instrumentation 
Closure Methoda Reference 
1.6 
1.6 
1.71 
0.25 
0.4 
0.48 
467 
530 
660 
Extinction cell, 
nephelometer 
See section 3.4.2 This study 
1.72 ± 0.01 0.28 ± 0.08 532 Continuous Wave 
Cavity Ring Down 
Extinction for a given 
size parameter  
Lang-Yona et 
al. (2009)  
1.65 ± 0.01 0.24 ± 0.01 532 Spectrometer Pulse 
Cavity Ring Down 
 
1.64 ± 0.04  0.20 ± 0.03 Visible 
light 
White light optical 
aerosol counter 
Median optical 
diameter and mobility 
diameter 
Flores et al. 
(2009) 
1.649 ± 0.007 0.238 ± 0.008 532 Cavity Ring Down  Similar to the method 
of Lang-Yona et al. 
(2009) 
Dinar et al. 
(2008)  
1.70 ± 0.04 0.3 ± 0.05 532 Cavity Ring Down, 
Photoacoustic  
Total extinction Lack et al. 
(2006)  
Not reported 0.1795 532 Nephelometer,  
Photoacoustic  
Total scattering and 
absorption  
Hoffer et al. 
(2006) 
1.67 0.26 632.8 Light scattering 
counters  
Total scattering Garvey and 
Pinnick 
(1983)  
 
a All studies cited used Mie-Lorenz theory for modeling, and obtained refractive index values as those which forced 
a modeled parameter or parameters to agree with measured ones. This column indicates the measurement that was 
forced to agree in order to obtain a refractive index 
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Table 3.2. Refractive index of OC at wavelength  including source of aerosol. 
n k  [nm] Aerosol source Optical 
Instrumentation 
Closure Methoda Reference 
1.57 
1.56 
1.55 
0.015  
0.008  
 
467 
550 
660 
Pyrolysis of red 
oak wood blocks 
Extinction cell, 
nephelometer 
See section 3.4.3 This study 
 0.0089 
0.0037 
467 
550 
Pyrolysis of red 
oak wood blocks 
UV-visible 
spectroscopy 
Derived from measured 
absorbance and 
assuming OC density 
of 1.2 g/cm3 
This study 
1.46 ± 
0.02 
0 540 Amazonia, 
Brazil 
Nephelometer, 
PSAP, PAS 
Forced agreement in 
scattering and 
absorption 
Schmid et al. 
(2009)  
1.595 to 
1.622 
0.003 to 
0.049 
532 HULIS Cavity Ring 
Down 
Spectrometer 
Similar to the method 
of Lang-Yona et al. 
(2009) in Table 3.1 
Dinar et al. 
(2008)  
1.57 0 550 Savanna grass Nephelometer, 
Photoacoustic, 
Particle Soot 
Absorption 
Photometer 
Forced agreement in 
scattering and 
absorption 
Hungershoefer 
et al. (2008)  
1.54 0 
 
Musasa 
 
1.53 0 545 Biomass burning 
aerosols in Brazil 
Nephelometer, 
Photoacoustic, 
Particle Soot 
Absorption 
Photometer 
Forced agreement in 
scattering and 
absorption 
Schkolnik et al. 
(2007) (as 
corrected in 
Schmid et al. 
(2009)) 
1.653 0.0019 532 HULIS (day) Nephelometer, 
Photoacoustic  
Forced agreement in 
scattering and 
absorption 
Hoffer et al. 
(2006)  
1.685 0.0016 
 
HULIS (night)  
 
Not 
reported 
0.063 
0.03 
0.005 
450 
550 
660 
Biomass burning 
collected in 
quartz filters 
Filter-based light 
transmission 
method 
Calculated from 
measured light 
attenuation, assuming 
OC density = 1.2 g/cm3 
Kirchstetter et 
al. (2004)  
 
a All studies cited used Mie-Lorenz theory for modeling, with the exception of Kirchstetter et al. (2004). Unless 
indicated otherwise, refractive index values were obtained by forced a modeled parameter or parameters to agree 
with measured ones. 
85 
 
The studies presented in Table 3.1 and  Table 3.2 are not direct measurements of the refractive 
index, but based on fitting a refractive index to force modeled extinction, scattering or absorption 
to match measured values. 
3.2.3. Effective refractive index mixing rules 
The optical properties of mixed aerosols depend upon their mixing state, or how the different 
components are distributed within the aerosol.  An external mixture is a heterogeneous population 
of aerosols, each composed of one specific material. The term internal mixture denotes aerosols 
composed of more than one material. The materials within the aerosols can be either uniformly or 
heterogeneously mixed. A special case of an internal mixture is the core-shell configuration, where 
the aerosol is composed of a core surrounded by a shell of a different material. When aerosols take 
up water, a mixing rule is also needed to describe the refractive index of the combined water and 
original substance. Many atmospheric radiative transfer models have treated the mixing state in a 
simplified manner, either as an external mixture or as a homogeneous mixture (Lohmann and 
Feichter, 2005; Aquila et al., 2011). The core-shell configuration has also been used for insoluble 
compounds like black carbon, since it describes the plausible scenario of a coating of condensed 
organic or inorganic compounds, and the absorption in this configuration lies between those of 
internally and externally mixed aerosols (Jacobson, 2000). 
There is experimental evidence that some aerosols have complex morphologies that are not well 
described by simple assumptions. Worringen et al. (2008) used transmission electron microscopy 
to examine the internal structure of ambient aerosols sampled during the Lindenberg Aerosol 
Characterization Experiment. The most observed configuration was soot near the surface of 
ammonium sulfate grains. The second most encountered geometry was a “sandwich” structure, 
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with soot as a disc in the middle of the aerosol. Models accounting for these composite structures 
predicted optical properties up to 50% different than models assuming simpler structures. Freney 
et al. (2010) used a transmission electron microscope fitted with an environmental cell and 
concluded that solid inclusions are common in ambient aqueous droplets. Using a discrete dipole 
approximation and accounting for the inclusion positions, shapes, and sizes, they modeled 
scattering up to 68% greater than the core-shell model. Adachi et al. (2010) used transmission 
electron microscopy and electron tomography to study the shape and composition of ambient 
aerosols collected in Mexico City. They observed soot aerosols in off-center positions with open, 
chain-like shapes surrounded by organic matter and ammonium sulfate. Using the discrete dipole 
approximation, they calculated the absorption and radiative forcing of the aerosols and compared 
with other refractive index mixing rules. The core-shell, linear volume average (LVA), and 
Maxwell Garnett models (explained in the next paragraph) overestimated the mass absorption 
cross section (i.e., absorption normalized by aerosol mass) by about 35%, 34% and 15%, 
respectively. Using a Single-Particle Soot Photometer (SP2), Sedlacek et al. (2012) observed BC 
in the surface of the aerosol, rather than the core, in more than 60% of their biomass burning 
samples. All these studies show that aerosols’ morphology can be complex, and may have 
important effects on estimated optical properties. 
The representation of the mixing state can be simplified by modeling a homogeneous aerosol, with 
an effective refractive index that yields appropriate optical properties. Several formulas or “mixing 
rules” have been applied to represent atmospheric aerosols. The Biot or linear volume average 
(LVA) mixing rule applies only to quasi-homogeneous mixtures for which the refractive index of 
the components are similar (Biot and Arago, 1806; Liu and Daum, 2008). The Lorentz-Lorenz 
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mixing rule is more general (Lorentz, 1906; Liu and Daum, 2008), although it assumes an ideal 
mixture and it does not account for changes in component volume (Mehra, 2003; Postigo et al., 
2008). The Maxwell Garnett mixing rule (Garnett, 1904; Aspnes, 1982) treats the mixture as 
spherical inclusions embedded in a medium, although the choice of medium may not be obvious. 
The Bruggeman mixing rule (Bruggeman, 1935; Aspnes, 1982; Sihvola, 2000) was formulated to 
give preference to neither component. Table 3.3 lists the formulas for each of these mixing rules. 
Finally, the Dynamic Effective Medium Approximation or DEMA (Chylek and Srivastava, 1983; 
Chylek et al., 1984; Jacobson, 2006) accounts for a polydispersion of spherical inclusion in the 
aerosol, differing from the other mixing rules in taking into account the size of the inclusions. In 
DEMA the effective dielectric constant of the aerosols 𝜖 = m2 is obtained by solving the following 
equation (Chylek et al., 1984; Jacobson, 2006)  
(1 − 𝑉)
𝜖𝑤 −  𝜖
𝜖𝑤 + 2𝜖
+ 𝑉
𝜖𝑖 −  𝜖
𝜖𝑖 + 2𝜖
 +
2𝜋
45
(
2
𝜆
)
2
(𝜖𝑖 − 𝜖) [ 1 +
5𝜖
2𝜖𝑖 + 3𝜖
+
18𝜖(𝜖𝑖 − 2𝜖)
(𝜖𝑖 + 2𝜖)2
] ∫ 𝑟5𝑛(𝑟)𝑑𝑟 = 0 (3.8) 
 
where V and ϵi are the volume fraction and dielectric constant of the absorbing inclusions, ϵw the 
dielectric constant of water, and  the wavelength of light (all in consistent units), r is the radius 
of an inclusion, and n(r) the number size distribution of the inclusions per unit radius interval 
(1/cm3cm). DEMA is derived by modeling an aggregate structure and keeping the magnetic dipole 
term in the Taylor expansion of the partial-wave scattering amplitudes (Chylek and Srivastava, 
1983). The size distribution of inclusions n(r) enters the equation through the contribution of the 
magnetic dipole term in the form of the fifth moment of n(r). If one neglects the magnetic dipole, 
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one obtains only the two first terms of equation (3.8), which corresponds to the Bruggeman mixing 
rule. The DEMA equation requires the size distribution of inclusions, represented by r and n(r).  
Radiative transfer models use mixing rules to simplify the representation of the refractive index of 
aerosols. Jacobson (2001) represented BC with the core-shell model. Jacobson (2006, 2012) 
modeled BC inclusions within aqueous aerosols by using the DEMA and core-shell models. Stier 
et al. (2007) used the Bruggeman mixing rule for the refractive index of the aerosol mixture and 
Maxwell Garnett for cloud droplets and ice crystals. Liao et al. (2004) considered both external 
and internal mixtures, but used LVA for the refractive index of mixtures with black carbon, which 
could lead to overestimating forcing (Jacobson, 2000). I explored all these mixing rules to 
determine which ones mimic measured OC optical properties, and to assess the importance of the 
assumed mixing state for modeled optical properties 
Table 3.3 Effective refractive index mixing rules used in this study. Here j and j = mj2 = (nj + ikj)2 are the 
volume fraction and dielectric constant of substance ‘j', respectively. 12 is the dielectric constant of the aerosol 
mixture. 
Mixing Rule Formula 
Linear Volume Average 𝜖12 =  𝜙1𝜖1 +  𝜙2𝜖2 
Lorentz-Lorenz 𝜖12
2 − 1
𝜖12
2 + 2
=  𝜙1
𝜖1
2 − 1
𝜖1
2 + 2
+ 𝜙2
𝜖2
2 − 1
𝜖2
2 + 2
 
Maxwell-Garnett 𝜖12 −  𝜖1
𝜖12 +  2𝜖1
=  𝜙2
𝜖2 −  𝜖1
𝜖2 +  2𝜖1
 
Bruggeman 0 =  𝜙1
𝜖1 − 𝜖12
𝜖1 +  2𝜖12
+ 𝜙2
𝜖2 − 𝜖12
𝜖2 +  2𝜖12
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3.3.  Methods  
Figure 3.1 summarizes the combination of experiments and modeling used to explore closure. 
Most of the laboratory experiments were described by Brem et al. (2012) and are briefly reviewed 
here. In this section I describe measurements of light extinction (bep), scattering (bsp), and 
absorption coefficients (bap) at RH values from 40% to 95%, and discuss the approach to modeling 
those optical properties at high RH values. Section 3.3.2 discusses laboratory measurements and 
Section 3.3.3 presents the optical modeling principles. In section 3.4, I discuss comparisons 
between measured and modeled aerosol size growth factors, and extinction, scattering, and 
absorption at dry and humid conditions.  
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Figure 3.1 Flowchart describing the methodology used for the closure between model and measurements. After 
nigrosin or OC is generated, aerosols are sent either to the optical system (left branch) or for measurement of 
the input parameters for modeling the optical properties (right branch). In the closure analysis, the model 
output (modeled extinction, scattering, and absorption) is compared to measurements 
3.3.1. Aerosol generation 
Aerosols measured in this work include: 1) ammonium sulfate, used as a non-absorbing benchmark 
aerosol to assess the determination of GF, 2) nigrosin, used as a light-absorbing benchmark aerosol 
to examine absorption for a material with a refractive index that is relatively well-constrained, and 
3) OC from wood pyrolysis.  
Ammonium sulfate and nigrosin were generated with an atomizer as in Brem et al. (2012). OC 
was generated with a temperature-controlled wood-pyrolysis reactor under anoxic conditions to 
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prevent black carbon formation. Red oak wood blocks were pyrolyzed at 425 ◦C, and the emitted 
aerosols were sampled and drawn into a storage chamber. When the pyrolysis event was complete 
the aerosols were drawn into the sizing and optical instrumentation. Because the concentration in 
the storage chamber decayed with time, all optical measurements in a sequence are adjusted to the 
original concentration based on dry scattering.  
3.3.2. Aerosol measurements 
3.3.2.1. Optical measurements 
Light extinction and scattering were measured with a custom extinction cell and a modified TSI 
3563 nephelometer, respectively, as described by Brem et al. (2012), and absorption was calculated 
as the difference of extinction and scattering. This method allows high-RH operation with minimal 
water evaporation, unlike the photoacoustic spectrometer (Lewis et al. 2009; Murphy et al., 2009). 
The optical configuration and RH control and characterization are described in Brem et al. (2012). 
Optical measurements and modeling were done for RH between 40% and 95%, and for  = 467, 
530, and 660 nm. However, for OC, absorption measured at  = 660 nm is not reported because it 
was too low to assess in both these optical measurements and in bulk measurements of refractive 
index (Chen and Bond, 2010). 
3.3.2.2. Aerosol Sizing and Hygroscopic Size Growth Factor Measurement  
Dry aerosol size distributions were measured upstream of the humidifier with a Scanning Mobility 
Particle Sizer (SMPS, TSI Instruments, 3934) operated with High-Efficiency Particulate Air 
(HEPA) filtered recirculating sheath air flow. The SMPS aerosol flow was 0.3 L min-1 and the 
sheath flow was 2.4 L min-1.  
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Aerosol size growth due to water uptake was measured using an H-TDMA similar to that described 
by Rader and McMurry (1986) and Swietlicki et al. (2008). Details of this system were not 
described by Brem et al. (2012) and are reported here. It consists of a dry Differential Mobility 
Analyzer (DMA, TSI 3071) to select aerosol aerosols of a certain electrical mobility diameter at 
RH less than 15%. The dry selector DMA is followed by an RH conditioning system, and a 
humidified DMA (TSI 3071) in combination with a condensation particle counter (CPC, TSI 3010) 
to measure the wet aerosol diameters after humidification. Both DMA sheath flows were 
recirculated. A temperature-controlled Gore-Tex membrane humidifier was used for humidifying 
the aerosol flow. It is a smaller version of the system used for the optical instrumentation described 
in Brem et al. (2012). The temperature and RH in the DMA was monitored by three sensors 
(Sensirion, SHT 75). An additional Sensirion RH/T sensor was used to monitor the inlet of the 
humidifier. The aerosols equilibrated to humid conditions before entering the humidified DMA 
with a 12 s residence time. The selected dry diameters were 100 nm for ammonium sulfate and 
nigrosin, and 200 nm for OC because those aerosols had a larger count median diameter. 
The growth factor of the size distribution was calculated as GF = CMD(RH)/CMD(dry), where 
CMD is the count median diameter of the size distribution at the chosen RH and dry conditions, 
respectively. For the model I considered dry as RH less than 40%. The H-TDMA data for OC was 
also analyzed using TDMAinv, an inversion software which returns GF and its standard deviation 
(Gysel et al., 2009). GF determined with both methods agreed well, within the uncertainty of the 
H-TDMA.  
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3.3.3. Modeling approach and inputs 
I used a computer program based on the Mie–Lorenz light scattering (BHMIE) code of Bohren 
and Huffman (1983) for spherical aerosols to calculate aerosol optical properties. The model 
returns bep, bsp, and bap at select RH values (units of Mm
-1). The following sections describe some 
inputs needed for the Mie-Lorenz model: size distribution (Section 3.3.3.1); refractive index of the 
dry aerosols (Section 3.3.3.2); and refractive index and morphology of the aerosols at high RH 
(Section 3.3.3.3). Uncertainties in the methodology are discussed in Section 3.3.3.4. 
3.3.3.1. Aerosol size distribution 
H-TDMA measurements provide GF values at the specific RH in the instrumentation. To obtain a 
continuous GF curve, the H-TDMA results were fitted using equations (3.1) to (3.4) following the 
work of Carrico et al. (2008). I converted (RH, GF) data pairs to (aw, GF) using equation (3.1), 
which I then fitted to equation (3.4) to obtain a value of  With  one can calculate GF for any 
RH using equation (3.4). The H-TDMA system utilized in this work was capable of measuring 
size growth factors up to 92% RH, similar to other systems (Duplissy et al., 2009). Hence, I 
calculated GF between 92% and 95% RH by extrapolation using equation (3.4). The humidified 
size at a given RH is then calculated as the product of the dry size distribution and GF(RH). I 
assumed that GF is the same for aerosols of all sizes. 
To benchmark the H-TDMA, I compared the measured GF of ammonium sulfate with the model 
of Tang (1996), described in section 3.2.1. Since this model does not include the surface tension 
effect, I adjusted the water activity by the Kelvin term, i.e., the exponential term in equation (3.1) 
with the surface tension of water droplets containing ammonium sulfate given in Seinfeld and 
Pandis (2006). Results are presented in Section 3.4.1. 
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3.3.3.2. Refractive index at dry conditions 
I used an iterative approach to determine the refractive index of the dry component for nigrosin or 
OC to use in the Mie-Lorenz model. I started with m = n + ik chosen from Table 3.1 for nigrosin 
or Table 3.2 for OC as a starting value and adjusted n and k to achieve agreement between modeled 
and measured scattering and absorption at dry conditions, within the combined uncertainties of the 
model and measurements (Section 3.3.3.4). I used this value of the refractive index of the dry 
component (nigrosin or OC) together with the refractive index of water and the mixing rules to 
calculate the refractive indices of the aerosols for all RH values up to 95%. 
I also used the imaginary part of the refractive index from measurements of OC absorbance using 
a UV-visible spectrophotometer (Shimadzu, UV-2401) from the work of Chen and Bond (2010). 
These values are shown in Table 3.2. The values given in the table are normalized to the total 
carbon collected on the filter, some of which is semi-volatile.  
I attempted to obtain direct measurements of n using two techniques: a Variable Angle 
Spectroscopic Ellipsometer (J.A. Woollam VASE) and a Refracto 30GS refractometer. The 
ellipsometer measures changes in polarization and requires a flat sample, which has been achieved 
by forming an organic film of secondary organic aerosol matter on a silicon substrate (Liu et al., 
2013). The OC in this study was viscous and samples were not smooth even when collected with 
a Micro Orifice Uniform Deposition Impactor, so I could not obtain results with the VASE. I also 
collected OC on Teflon filters and extracted them using methanol for the refractometer, which 
measures changes in angle of refraction, but were unable to constrain values of n within reasonable 
uncertainty because of the low OC concentration in the sample used in the refractometer (2 to 4% 
OC by weight) and unknown OC density. 
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3.3.3.3. Refractive index at elevated RH 
Organic carbon aerosols at elevated RH contain water. I considered two models for the 
morphology of these mixed aerosols: a homogeneous sphere with an effective refractive index 
calculated according to one of the mixing rules in Section 3.2.3, and a core-shell configuration 
with one substance forming a core surrounded by a shell of the other substance. 
When using the DEMA mixing rule, it requires the size distribution of inclusions (equation (3.8)). 
Because measuring the size distribution of inclusions is not feasible, I explored a range of plausible 
monodisperse inclusion sizes, adjusting the value of n(r) to achieve the appropriate volume 
fraction. 
OC is composed of soluble and insoluble material. Chen and Bond (2010) found that 21% of the 
OC from wood pyrolysis is water-insoluble OC (WIOC), and that this material is much more 
absorbing than the water-soluble OC. I tested a model in which WIOC forms absorbing inclusions 
and the combination of water and water-soluble OC (WSOC) forms the surrounding medium, 
referred to as the “heterogeneous-OC” model. Table 3.4 lists estimated imaginary refractive 
indices for WIOC and WSOC, obtained by separating the imaginary refractive index of OC 
obtained from matching dry extinction and scattering (Section 3.3.3.2) using the ratios of 
absorption for the two materials from Chen and Bond (2010). Refractive indices of the WSOC-
water mix at high humidity are determined using the Bruggeman mixing rule. Then, the overall 
refractive index of the aerosol is calculated by mixing WIOC with the WSOC-water mixture using 
one of the mixing rules.  
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Table 3.4 Imaginary refractive index of dry WSOC and WIOC used in the Heterogeneous OC model 
[nm] k - WSOC k - WIOC 
467 0.008 0.043 
530 0.003 0.026 
 
3.3.3.4. Uncertainty analysis 
Uncertainties are calculated from uncertainties in the bin width of the SMPS, the CPC count, the 
GF retrieved from TDMAinv, and unknown refractive index of nigrosin or OC. Upper and lower 
bounds of the refractive index were obtained by fitting the model to upper and lower bounds of 
measured dry scattering and absorption. The TDMAinv analysis results in a standard deviation of 
GF (SDGF) of 0.03. This value is consistent with other estimates: SDGF = 0.02 (Hand et al., 2010), 
SDGF = 0.04 (Moore and Raymond, 2008), or SDGF = 0.02 for less hygroscopic and SDGF = 0.05 
for more hygroscopic aerosols (Swietlicki et al., 2008). I added these uncertainties in quadrature 
to obtain the total uncertainty of the model.  
3.4.  Results and Discussion 
3.4.1. Benchmark with ammonium sulfate 
The H-TDMA GF of 100 nm ammonium sulfate aerosols (blue symbols in Figure 3.2) results in a 
GF of 1.72 ± 0.04 at 90% RH, which agrees with the model prediction of Tang (1996) of GF = 
1.73 ± 0.03 (blue dashed line), as well as the model adjusted for surface tension of GF = 1.69 ± 
0.03 (“Tang + surface tension”, blue dotted line), as described in Section 3.3.3.1. The retrieved 
 = 0.49 ± 0.004 is within the range of values reported by Petters and Kreidenweis (2007) for 
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ammonium sulfate. This good agreement gives confidence in the GF inferred from the H-TDMA 
system.  
 
Figure 3.2 H-TDMA growth factors of ammonium sulfate (blue), nigrosin (black), and OC aerosols (green and 
orange), with count median diameters of 100 nm, 100 nm, and 200 nm, respectively. Vertical error bars are 
from TDMAinv, and horizontal error bars are the uncertainty of the RH sensors. Also shown are the fits of the 
nigrosin and OC data using the k-Kohler model. Deliquescence of ammonium sulfate is 80% RH, hence its GF 
is 1 (remains dry) for lower RH. Experiments A and B refer to two different H-TDMA experiments with OC 
aerosols 
Measurements of ammonium sulfate were also used to assess the accuracy and precision of the 
optical instrumentation in Brem et al. (2012), since extinction equals scattering for non-absorbing 
aerosols like ammonium sulfate. Below deliquescence, the measured extinction and scattering 
98 
 
match within 10 to 20 Mm-1, less than 1% of the signal and within the uncertainty of the 
instrumentation. Brem found a good correlation between scattering and extinction at all values of 
RH. However, above deliquescence (RH greater than 80%) the signal of the extinction cell is 
consistently higher than the scattering of the nephelometer, and this bias increases with RH, from 
about 200 Mm-1 (2% of the extinction signal) at 80% RH, to 400 Mm-1 (4% of the extinction) at 
90% RH. The data is presented in the appendix, Figure B.1. This bias is higher than the uncertainty 
in the measured scattering and extinction by up to a factor of 2. It is possible that the bias is due to 
water evaporation in the heated nephelometer volume, although Brem et al. (2012) reported 
modifications to the nephelometer to correct this effect.  
Since the absorption is calculated as the difference of extinction and scattering, this bias determines 
a lower limit in the absorption signal that can be measured. Furthermore, since the bias increases 
with RH, it can affect the interpretation of the absorption growth factor. This is, if the measured 
bap is of similar magnitude as the bias, then the measured absorption growth factor could be due to 
the bias in the extinction cell and nephelometer, and not an optical property of the aerosol. I added 
the uncertainty from the bias in quadrature to the uncertainty of the measured absorption reported 
in Brem et al. (2012), and discuss the implications for the absorption closure of nigrosin and OC 
in Sections 3.4.2 and 3.4.3, respectively. 
3.4.2. Nigrosin 
Brem et al. (2012) tested absorption measurements of the optical system using dark polystyrene 
spheres. These calibration spheres are not expected to grow at high sub-saturated RH. The 
refractive index of nigrosin has been well characterized, and was tested to evaluate the closure 
procedure for a hygroscopic, absorbing aerosol.  
99 
 
Figure 3.2 shows the measured GF for nigrosin. I obtained = 0.16 ± 0.002, similar to other values 
of soluble organic compounds like levoglucosan (0.15 to 0.18), glutaric acid (0.12 to 0.28), and 
glucose, fructose, and mannose (0.17) (Petters and Kreidenweis, 2007; Chan et al., 2008). By 
fitting dry scattering and absorption to measured values, I obtained m = n + ik = 1.6 ± 0.01 + i0.25 
± 0.02 at 467 nm, 1.6 ± 0.01 + i0.4 ± 0.02 at 530 nm, and 1.71± 0.01 + i0.48 ± 0.03 at 660 nm. 
Other studies with nigrosin close to  = 530 nm reported 3% to 6% higher values for n, and 25% 
to 50% lower values for k in closure studies (Table 3.1). This disagreement could be caused by 
differing composition of nigrosin solution, since nigrosin from different manufacturers can differ 
between 5% and 70% in light absorptive properties (Sedlacek and Lee, 2007).  
Figure 3.3 shows modeled bep, bsp, and bap at = 467 nm for all refractive index mixing rules. I 
show the model uncertainty (shaded region) only for the LVA mixing rule to maintain clarity. All 
the models predict the same bep and bsp within 2% and bap within 4%, except for Lorentz-Lorenz 
which predicts lower absorption by 7%. The choice of the host (i.e., either nigrosin or water) in 
the Maxwell-Garnett rule changes bep, bsp, or bap by less than 3%.  Between 70% and 80% RH the 
models deviate from measured bep and bsp by up to 4% and 10%, respectively. This disagreement 
at this RH range could not be explained by the GF, because the -Köhler model accurately 
described the H-TDMA results up to 92% RH (Figure 3.2). A possible reason could be incomplete 
dissolution of nigrosin. Water-soluble dyes such as nigrosin may clump at high concentrations due 
to the formation of dimers and trimers, which affects spatial homogeneity and hence optical 
properties (Cenens and Schoonheydt, 1988).  Lacking further information on the degree or 
existence of clumping, I did not include this effect in the model.  
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Figure 3.3. Extinction, scattering, and absorption of nigrosin at 𝜆 = 467 nm, measured (symbols) and modeled 
(lines). The shaded area is the uncertainty in the LVA model. 
Above 92% RH the model overpredicts bep and bsp (17% and 35% difference at 95% RH, 
respectively). The extrapolation of GF between 92% and 95% RH described in Section 3.3.3.1 
might contribute to this discrepancy. Although the H-TDMA benchmark with ammonium sulfate 
showed good agreement between the modeled and measured values at high RH, it is possible that 
the extrapolation of the GF above 92% is not as valid for other compounds. Therefore, predicted 
extinction and scattering, which depend on aerosol size, might be questionable for this RH range.  
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The measured absorption versus RH is not as smooth as the extinction or scattering because 
absorption is calculated as the small difference of two large numbers, leading to higher uncertainty 
in the measurements. The measured absorption is 54% smaller than the extinction, and up to 63% 
greater than the scattering, hence bap is large enough that the bias discussed in Section 3.4.1 does 
not affect the measured absorption or its RH dependence. Figure 3.3 shows that the increase of bap 
with increasing RH is predicted within 4% by all the mixing rules except Lorentz-Lorenz, which 
underpredicts by up to 7% relative to the others. The agreement in bap for RH greater than 92% 
might be a coincidence because there is no closure in bep and bsp for this range of RH, although the 
lower sensitivity of bap to size, and hence, to the extrapolation of GF, might contribute to the 
agreement. The closure at other wavelengths was within 8%, and models captured the non-
monotonic wavelength dependence of the imaginary refractive index. 
Table 3.5 shows modeled and measured optical growth factors, fep, fsp, and fap at 90% RH for the 
three wavelengths studied. 
Table 3.5 Modeled and measured extinction (fep), scattering (fsp), and absorption (fap) growth factors of nigrosin 
at 90% RH, for  = 467, 530, and 660 nm. 
λ [nm] fep  fsp  fap 
 
LVA Measured  LVA Measured  LVA Measured 
467 1.45 ± 0.11 1.45 ± 0.07  1.98 ± 0.23 1.87 ± 0.10  1.14 ± 0.19 1.20 ± 0.12 
530 1.34 ± 0.10 1.30 ± 0.05  1.86 ± 0.20 1.83 ± 0.08  1.16 ± 0.13 1.12 ± 0.07 
660 1.30 ± 0.11 1.26 ± 0.11  1.73 ± 0.17 1.60 ± 0.15  1.18 ± 0.11 1.16 ± 0.15 
 
3.4.3.  Organic Carbon 
Figure 3.2 shows results of two H-TDMA experiments with OC (referred to as A and B), as well 
as fits using the -Köhler model. Both experiments produce similar hygroscopicity estimates:  = 
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0.08 ± 0.005 for experiment A and  = 0.07 ± 0.018 for experiment B. The  obtained here is 
within the range of values reported in the literature (see Section 3.2.1). The difference between the 
twovalues would change absorption and scattering by 6%. 
 From the match between modeled and measured dry scattering and absorption, I obtained a dry 
refractive index (with the uncertainty range in parenthesis) of m = 1.57 (1.56 – 1.58) + i0.015 
(0.002 – 0.03) at 467 nm, 1.56 (1.55 – 1.57) + i0.008 (0.001 – 0.02) at 530 nm, and 1.55 (1.54 – 
1.56) at 660 nm. Absorption at 660 nm is too small to assess a value for k. For the heterogeneous-
OC model, a value of n = 1.6 was needed to match the dry scattering, with the same values of the 
imaginary part k.  The values of n and k are in the middle and high end of the range reported in 
Table 3.2, respectively (1.44 < n < 1.68 and 0 < k < 0.005, Section 3.2.2). Similar values were 
reported by Hungershoefer et al. (2008) (n = 1.57 at 550 nm) and Dinar et al. (2008) (k = 0.003 to 
0.049 at 540 nm).  
The value of k obtained from UV-visible spectroscopy of liquid extract (Table 3.2) is lower than 
the values obtained from forcing optical closure, and underestimates absorption by 40% at 467 nm 
and 54% at 530 nm. In the optical system, as in the atmosphere, aerosol is dilute compared to 
aerosol on the filter, so that more semi-volatile material partitions to the gas phase (Donahue et 
al., 2006). This semi-volatile material does not absorb visible light (Chen and Bond, 2010), and 
the organic carbon remaining in the aerosol phase has a higher absorption per mass. The best 
estimate of the fraction of semi-volatile organic carbon (30 ± 10%) explains most of the 
discrepancy between the spectroscopic measurements and the measured absorption.  
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I used the dry value of m obtained from forced closure to calculate the optical properties from 40% 
to 95% RH. Figure 3.4 shows the measured and modeled bep, bsp, and bap of OC at  = 467 nm. As 
with nigrosin, the uncertainty in bap is higher than those of bep and bsp due to the difference method. 
All the mixing rules agree within 3% of measured extinction and scattering up to about 92% RH. 
Models overpredict slightly above this RH (7% at 95% RH), except the core-shell model which 
underpredicts above 85% RH (12% at 95% RH).  
Figure 3.4c shows the modeled and measured absorption of OC from 40% to 95% RH for  = 
467 nm. The measurements shows no change in bap below 80% RH, and an increase by a factor of 
2 at 95% RH. However, bap is smaller than 200 Mm
-1, and hence, within the bias of the extinction 
cell and nephelometer reported in Section 3.4.1. The uncertainty in bap is up to 28% bigger than 
the measured value for bap, hence too large to confirm the absorption growth factor. The 
uncertainty in the data results in fap as low as 1.01 and as high as 3.5. This implies that the 
absorption growth factor reported in Brem et al. (2012) could be a result of the bias increasing 
with RH, and not an optical property of OC. 
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Figure 3.4 (a) Extinction, (b) scattering, and (c) absorption of OC at 𝝀 = 467 nm, measured (symbols) and 
modeled (lines). The shaded area is the uncertainty in the LVA model. (d) Absorption at 𝝀 = 467, 530, and 660 
nm. 
The different mixing rules predict fap between 1.1 and 1.3 at 90% RH. About 96% of the model 
uncertainty in Figure 3.4c is due to the uncertainty in the imaginary refractive index k, the other 
4% being from the uncertainty of the CPC, H-TDMA, and SMPS. Including the solubility of OC 
(i.e., WIOC and WSOC) in the heterogeneous-OC model as described in Section  3.3.3.3 does not 
result in an increase in fap. Table 3.6 lists the extinction and scattering growth factor of OC, 
measured and modeled with the LVA mixing rule. 
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Table 3.6. Modeled and measured extinction (fep) and scattering (fsp) growth factors of OC at 90% RH, for  = 
467, 530, and 660 nm. 
λ [nm] fep  fsp  
 
LVA Measured  LVA Measured  
467 1.30 ± 0.12 1.24 ± 0.07  1.31 ± 0.12 1.21 ± 0.04  
530 1.28 ± 0.12 1.21 ± 0.06  1.29 ± 0.12 1.17 ± 0.03  
660 1.28 ± 0.12 1.15 ± 0.16  1.29 ± 0.12 1.12 ± 0.03  
 
Figure 3.4d shows modeled and measured bap at  = 467, 530, and 660 nm. Modeled absorption at 
530 nm is 51% smaller than at 467 nm, and 2.4 times bigger than at 660 nm. Although there is a 
small increase in modeled bap with RH at 467 nm, there is no increase at 530 nm and 660 nm 
3.5. Conclusions 
I have modeled the extinction, scattering, and absorption of OC at high sub-saturated RH 
conditions, and compared model predictions with laboratory measurements. The benchmark study 
with ammonium sulfate aerosols indicates that the H-TDMA system measures hygroscopic growth 
that agrees with other studies. The benchmark with nigrosin shows that measured extinction, 
scattering, and absorption of soluble absorbing aerosols can be predicted using common refractive 
index mixing rules within about 10%, and that measurements agree with predictions within the 
combined uncertainty of model and measurements up to 92% RH. Agreement in the benchmark 
studies reported here indicates that aerosol losses, even at increased diameters, are not affecting 
optical closure up to 92% RH.  
The OC from wood pyrolysis that is the focus of this work is less-hygroscopic according to the 
classification of Swietlicki et al. (2008), with the hygroscopicity parameter 0.07 ± 0.018 and 
GF = 1.13 ± 0.03 at 90%. Using this GF and the refractive index derived from matching modeled 
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and measured dry scattering and absorption, the different models of the effective refractive index 
predict an increase in absorption of 10% to 30% at 90% RH. Although there is agreement in 
modeled and measured extinction and scattering within the uncertainty of the system, absorption 
is too small to obtain an accurate measurement of its RH dependence. In the ammonium sulfate 
benchmark (Section 3.4.1) I discussed that the signal of the extinction cell is consistently higher 
than the scattering of the nephelometer, increasing from 200 Mm-1 at 80% RH to 400 Mm-1. This 
bias is greater than the OC absorption signal measured. This implies that the optical 
instrumentation is not precise enough to measure the enhancement of absorption of OC with 
increasing RH. 
Uncertainties in the CPC, SMPS, and RH sensors are accounted in the model, hence cannot explain 
the bias. Brem et al. (2012) reported modifications to the nephelometer to reduce heating in the 
sample volume to less than 0.6 °C, although they also reported that the heating was sufficient to 
affect the interpretation of the deliquescence of ammonium sulfate in the nephelometer. Although 
the RH sensor in the nephelometer would detect the effect of heating, it is possible that it would 
result in a bias low of the scattering signal.  
The good agreement between the different refractive index mixing rules for both nigrosin and OC 
implies that the model used for representing the effective refractive index of a heterogeneous 
aerosol has a small influence on modeled absorption, either for highly absorbing aerosols like 
nigrosin or less absorbing like OC. The next section summarizes the findings of this chapter.  
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3.6. Summary 
The objective of this project was to provide a theoretical model that explains the measured changes 
in light absorption of OC from wood pyrolysis, at sub-saturated conditions. The main findings of 
this project are:  
• The benchmark test of the H-TDMA using ammonium sulfate resulted in a size GF of 1.72 ± 
0.04, which agrees with the model predictions with and without surface tension (1.69 ± 0.03 
and 1.73 ± 0.03, respectively). The results of the benchmark test give confidence on the size 
growth factor measured up to 92% RH. 
• A benchmark test with nigrosin aerosols was used to assess closure for absorbing aerosols. The 
modeled extinction, scattering, and absorption agree with measurements within 2%, 4%, and 
4%, respectively, up to 92% RH, which is within the uncertainty of the system. 
• The agreement between model and measurements worsens above 92% RH. Uncertainty in the 
extrapolation of the size growth factor of nigrosin between 92% and 95% RH could explain 
the mismatch between modeled and measured extinction and scattering at this RH range. 
• The modeled extinction and scattering of OC agrees with measurements within 3% up to 
92% RH, within the uncertainty of the system. The different refractive index mixing rules did 
not reproduce the measured absorption increase of a factor of 2 at high RH.  
• The modeling section of the project provided estimates of the hygroscopicity parameter of OC 
( 0.07 ± 0.018), and refractive index of OC (m = 1.57 (1.56 – 1.58) + i0.015 (0.002 – 0.03) 
at 467 nm, 1.56 (1.55 – 1.57) + i0.008 (0.001 – 0.02) at 530 nm, and 1.55 (1.54 – 1.56) at 660 
nm), consistent with values reported elsewhere (Table 3.2). 
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• Modeled optical properties predicted by the different refractive index mixing rules agree within 
5% for nigrosin and 10% for OC. Absorption predicted with the different mixing rules agrees 
within 14% for nigrosin and 20% for OC. The variability in modeled optical properties due to 
the choice of mixing rule is about 40% smaller than the uncertainty from the instrumentation 
(i.e., CPC, SMPS, and H-TDMA). 
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4. CHAPTER 4 
LIGHT SCATTERING AS PROXY OF AEROSOL MASS CONCENTRATION 
FROM RESIDENTIAL BIOFUEL COMBUSTION 
 
4.1. Research objective 
The studies cited in Section 1.5 show that it is possible to obtain good linear correlations between 
aerosol mass concentration and light scattering, although with large uncertainties. Since a main 
uncertainty in the reported aerosol mass concentration is the variability in MSC, the objective of 
this project is to assess approaches to constrain MSC of biofuel burning aerosols using information 
that could be easily obtainable. In particular, I assess using the scattering Angstrom exponent and 
angular distribution of scattered light to estimate MSC values. I also assess whether the presence 
of fractal aerosols alters the conclusions. I focus on the specific case of emissions of residential 
biofuel combustion, although this analysis can be applied to other sources. 
4.2. Methods 
With a literature review, I summarize the range of aerosol sizes and refractive index expected of 
biofuel burning aerosols (Section 4.2.1.1 and 4.2.1.2), and use these values to model the likely 
range of MSC.  Section 4.2.2 describes a similar analysis for the variability of MSC within a single 
combustion event.  Section 4.2.3 assesses whether the scattering Angstrom exponent and angular 
scattering can be used to constrain MSC. Finally, I assess the error in inferences caused by 
assuming spherical aerosols in Section 4.2.4.  
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4.2.1. Modeling aerosol optical properties 
A MATLAB program based on the Mie-Lorenz light scattering (BHMIE) code of Bohren and 
Huffman (1983) was used to model the optical properties of aerosols, in particular, the MSC. The 
inputs are the aerosol size, its refractive index, and the wavelength of light (. The code is publicly 
available at http://www.hiwater.org. This theory assumes spherical, homogeneous, and non-
interacting aerosols. Even though aerosol shapes can differ from spheres, the spherical aerosol 
assumption is reasonable for aged smoke aerosols or those from smoldering combustion (Jaggard 
et al., 1981; McMurry et al., 1996; Martins et al., 1998; Fu et al., 2009).  
I assume a log-normal size distribution, which is a good assumption for biomass burning aerosols 
(Martins et al., 1998; Janhäll et al., 2009). A lognormal distribution is described by its Count 
Median Diameter (CMD) and its Geometric Standard Deviation (GSD). Since the density is just a 
scaling factor in calculating MSC, a density of 1 g/cm3 for the aerosols was assumed for all 
calculations. The effect of density can be obtained by dividing by the actual density. Thus, the 
parameters used for estimating MSC are the refractive index of the aerosols, their CMD, and GSD.  
4.2.1.1. Refractive index 
Refractive index values are scarce for aerosols from residential biofuel combustion, so I use 
reported values from open biomass burning. Although the composition of biofuel-burning and 
biomass-burning aerosols is not identical (Hays et al., 2002), in both cases the aerosols result from 
the combustion of cellulose-based fuels, and the composition is similar (Woo et al., 2003). 
Reported values are in the range 1.4 < n < 1.65 and 0.0001< k < 0.1 at visible wavelengths (Eck et 
al., 1998; Wandinger et al., 2002; Hungershoefer et al., 2008; Magi et al., 2007; Adler et al., 2011), 
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hence I use this range of n and k to model scattering. The wavelength of light  = 550 nm is used 
for the calculations unless indicated otherwise.  
4.2.1.2. Size distribution 
Table 4.1 presents reported values of the CMD and GSD of aerosols from biofuel combustion 
measured in the field or in laboratory tests. Researchers often report the distribution peak diameter 
or count mean diameter instead of the count median diameter; these are identical as long as number 
count rather than mass is reported. 
The GSD is not always reported. When enough information was provided I estimated its value as 
described in the work of Bond et al. (2006). With this method the GSD calculated is not very 
precise. For instance, an uncertainty of 10 nm in aerosol size could change the calculated GSD by 
6%. Table 4.1 shows that the CMD of biofuel burning aerosols typically ranges from 50 nm to 300 
nm, and GSD between 1.3 and 2.2. 
Table 4.1 Summary of measured size distributions of sub-micron aerosols from biofuel burning 
Combustion 
Appliance 
Fuel CMD 
[nm] 
GSD Reference 
Residential 
wood stove 
(RWS), wood 
chip burner 
(WCB) 
Dried beech wood 
logs (approx. 15% 
water content) 
WCB: 68.6 to 95.7 
RWS: Start: 200-
300; Intermediate: 
150; Burn out: 50-
60 
Two combustion air 
supplies, with: 
(O2 = 6.2%) 2.0 
a 
(O2 = 11.6%) 1.8 
a  
Hueglin et al. 
(1997)  
Soapstone 
stove 
Birch logs (approx. 
15% moisture) 
Start phase: 52 
Int. and sm. 
(bimodal):  
27 and 127  
a, b 1st 
mode 
2nd mode Hedberg et al. 
(2002)  
start 1.9 ---- 
int. 1.3 2.0 
sm. 1.6 1.7 
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Table 4.1 (continued) Summary of measured size distributions of sub-micron aerosols from biofuel burning 
Combustion 
Appliance 
Fuel CMD 
[nm] 
GSD Reference 
Woodstove Wood Primary particles of 
aggregates: 31 ± 7 
Not given Kocbach et al. 
(2006)  
Stove/kang 
Brick stove 
Branch 
Agricultural residue, 
fuel wood branch. 
110 - 210  
120 - 320, nucleation 
peak at 40 or smaller 
1.3 a Xinghua Li et 
al. (2007)  
Masonry heater  
Baking oven, 
stoves, sauna 
stoves. 
Birch wood, 
construction wood, 
alder and aspen, 
spruce  
FMPSc: 54 ± 5 to  
106 ± 11  
ELPIc: 49 ± 5 to  
114 ± 11 
1.4 - 1.7 a Tissari et al. 
(2007)  
Masonry heater 
in normal 
combustion 
(NC) and 
smoldering(SC) 
Birch Wood logs (7% 
to 25% moisture 
content) 
FMPSc: NC: 56 ± 3 
SC: 118 ± 21  
ELPIc: NC:  65 ± 4 
SC: 160 ± 30 
NC: 1.8 a 
SC: 2.2 a 
Tissari et al. 
(2008)  
U-shaped mud 
stove 
Wood, dried cattle 
dung and crop waste. 
150 1.3 - 2.6  
 
Habib et al. 
(2008)  
Residential 
wood pellet 
burner 
Softwood pellet fuel Turbulent burning: 
81 
Laminar Flame: 137 
Turbulent burning: 1.5 
Laminar Flame: 1.8 
Londahl et al. 
(2008)  
Wood stove 
and fireplace 
Wet and dry wood, 
with newspaper for 
kindling. 
Stove+dry oak: 46 
Stove+dry fir: 54 
Stove+wet fir: 77 
Fireplace+wet oak: 
64 
Stove+ dry oak: 1.7 
Stove+dry fir: 2.0 
Stove+wet fir: 2.1 
Fireplace+wet oak: 1.6 
Kinsey et al, 
(2009)  
Pellet stoves Pine and spruce 
pellets 
50 to 85 Not given Boman et al. 
(2011)  
Wood stove Birch, pine, and 
spruce logs 
Start-up and int. b: 
(bimodal) 100 and 
300 
Burn-out: 30 
Not given Pettersson et al. 
(2011)  
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Table 4.1 (continued) Summary of measured size distributions of sub-micron aerosols from biofuel burning 
Combustion 
Appliance 
Fuel CMD 
[nm] 
GSD Reference 
Wood and 
pellet stoves 
Wood logs and pellets Start-up:  400 
Int.b and burn-out: 
100 
Not given Bafver et al. 
(2011)  
Stove Wheat, corn, and rice 
stalks 
What and corn: 150 
Rice: 100  
Wheat: 1.8 a 
Corn: 1.6 a 
Rice: 1.8 a 
Zhang et al. 
(2011)  
Methane-air 
flame 
Different type of 
biomass 
Pyrolysis: 58 – 113 1.4 – 1.7 Fang et al. 
(2014) 
Biomass 
combustion 
reactor 
Wood chips Efficient: 50 ± 5 
Int b.: 90 ± 20 
Sm b.: 100 ± 40 
Efficient:1.9 a  
Int b.: 2.2 a 
Sm b.: 1.9 a 
Torvela et al. 
(2014)  
a Calculated using the approach described in Bond et al. (2006) 
b Start: start phase of combustion, Int.: Intermediate phase, Sm: smoldering phase 
c FMPS: Fast Mobility Particle Sizer; ELPI: Electrical Low Pressure Impactor 
4.2.1.3. Range of parameters for biofuel burning aerosols 
Table 4.2 shows the range of refractive index and aerosol size used as inputs in the model. The 
different combinations of n, CMD, and GSD result in 93,600 scenarios. For each scenario I used 
Mie-Lorenz theory to calculate the MSC, the scattering Angstrom exponent (Section 4.2.3.1), and 
the angular distribution of scattering (Section 4.2.3.2). 
Table 4.2. Range of parameters used in the Mie-Lorenz model to calculate the optical properties of biofuel 
burning aerosols 
Parameter Range Step Interval 
n 1.4 to 1.65 equidistant steps of n = 0.01 
CMD 50 to 300 logarithmic array of 200 steps 
GSD 1.3 to 2.2 equidistant steps of GSD = 0.05 
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I also modeled values of the imaginary refractive index k between 0.001 and 1. This analysis is 
presented in Section 4.3.1. 
4.2.2. Variability of MSC from a single burning event 
Values of MSC may vary throughout a single combustion event because of differences in aerosol 
properties with combustion phase. Hosseini et al. (2010) reported a decrease in aerosol size of an 
order of magnitude from flaming to smoldering phase. Roden et al. (2006) measured single 
scattering albedos no smaller than 0.5 during smoldering of biofuel, and values as small as 0.1 
during flaming. Levin et al. (2010) reported increasing BC:OC ratios with increasing combustion 
efficiency, which can affect scattering due to the fractal morphology of BC aerosols.  In section 
4.3.2 I use Mie-Lorenz theory to assess how MSC changes between different combustion phases 
from reported measurements of size distributions for each phase, and the error associated with 
using a fixed MSC value for the combustion event.  
4.2.3. Look-up table approach:estimating MSC with the scattering Angstrom exponent 
and angular scattering 
Once the variability of MSC is understood, it may be used to guide estimation of the MSC value 
to use to convert from scattering to aerosol mass concentration. The following sections describe 
how the scattering Angstrom exponent and angular distribution of scattering can be used to 
estimate MSC, and possible sources of uncertainty in these approaches. 
4.2.3.1. Scattering Angstrom exponent 
The scattering Angstrom exponent (scatt) describes an empirical relationship between the scattered 
light at two wavelengths: 
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𝑏sp,1
𝑏sp,2
=
MSC1
MSC2
= (
𝜆1
𝜆2
)
−αscatt
 (4.1) 
where bsp,iis the scattered light at wavelength i. The scattering Angstrom exponent is a parameter 
that provides information on the wavelength dependence of scattering, and it is correlated to the 
aerosol size (Petty, 2006). Reid et al. (1998) measured a decrease in scatt with aging of a biomass 
burning plume, associated with the increase of the aerosol size. For 1and2 I use 550 nm and 
880 nm, respectively, because 550 nm is a wavelength commonly used in instruments working in 
the visible range, and 880 nm is used by the DustTrak aerosol monitor. 
Due to the correlation between scatt and aerosol size, it may be possible to estimate MSC from a 
measurement of scatt. This analysis explores a look-up table approach. For a given value of scatt = 
0 ± , with  the uncertainty in the input value of the Angstrom exponent, I find all possible 
combinations of input variables (Table 4.2) with an Angstrom scattering exponent within the 
range. Each of these scenarios also has a corresponding value of MSC, yielding a probability 
distribution of MSC. The median value of this distribution can be used as an estimate of the MSC, 
and the width of the distribution as the uncertainty in MSC. Here I report the uncertainty as three 
times the standard deviation of the distribution of MSC. An assumption in this representation of 
uncertainty is that each scenario is equally likely. An example is presented in section 4.3.3 (Figure 
4.3), and the look-up table with scatt and the corresponding MSC is shown in Table C.1 in 
Appendix C. Section 4.3.3 shows how the table is constructed. For  I use 10% based on the 
propagated uncertainty of a nephelometer, consistent with the uncertainty of scatt reported in 
Chand et al. (2006) and Yang et al. (2009). 
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4.2.3.2. Angular distribution of scattering 
The correlation between the angular distribution of scattering and aerosol size can also be used to 
estimate MSC (Szymanski et al., 2008; Szymanski et al., 2009). I modeled angular scattering 
between 10 and 30 degrees for forward scattering (f), 150 and 170 degrees for backward scattering 
(b), and 80 and 100 degrees for azimuthal scattering (az). I then calculated the ratio of forward-
to-backward scattering (f/b) and azimuthal-to-backward scattering (az/b).  
I follow the same look-up table approach as with the scattering Angstrom exponent; that is, I 
calculate all the possible MSC values consistent with a given value of f/b ± f/b or az/b ± 
az/b, from which I present probability distributions of MSC. For the uncertainty in f/b and 
az/b I used 5%. In Section 4.3.3.1 I assess how the value for the uncertainty in scatt, f/b, or 
az/b affect the estimate of MSC. 
4.2.4. Modeling the scattering of non-spherical aerosols 
One of the assumptions in Mie-Lorenz theory is the sphericity of the aerosols. Aerosols are not 
always spherical, e.g., inorganic species can have a crystalline structure (Mikhailov et al., 2009; 
Freney et al., 2010), and soot aerosols can have a fractal structure, as aggregates of several small 
monomers (Sorensen, 2001; Adachi et al., 2010). Flaming or efficient combustion has been 
associated with non-spherical aerosols with higher BC content (Martins et al., 1998; Torvela et al., 
2014; Levin et al., 2010). To assess the error associated to the spherical aerosol assumption when 
estimating MSC of non-spherical aerosols, I modeled the scattering of fractals and compared the 
predicted MSC with that estimated using Mie-Lorenz theory.  
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4.2.4.1. Scattering by fractal aerosols 
The morphology of a fractal aerosol can be described according to the following formula: 
 Ns = k0 (
Rg
𝑎
)
Df
 (4.2) 
where NS is the number of monomers in the aggregate, Rg is the radius of gyration, representative 
of the overall radius of the aggregate, a is the monomer radius, Df is the fractal dimension, and k0 
is the fractal prefactor. This set of parameters determine the shape of an aerosol, and hence, its 
scattering will differ from a spherical aerosol of equivalent size. 
I simulated the MSC of fractal aerosols using the model described in Sorensen (2001, 2013a). This 
approach approximates the scattering of a fractal as the product of the scattering of the monomers 
of the aggregate and the structure factor, which is a parameter that describes the density distribution 
of the scattering system. Equations are provided in the appendix C. This model has also been used 
to describe the scattering of irregularly shaped aerosols like dust, spheroids, and agglomerate 
spheres (Sorensen et al., 1992; Sorensen, 2013b; Sorensen et al., 2014). 
Since this model is an approximation to the exact theory of scattering by a fractal, I compared the 
predictions of the model of Sorensen (2001) with the work of Liu and Mishchenko (2005), who 
used the exact T-Matrix theory to model the scattering of a fractal aerosol. This analysis is 
presented in Section 4.3.4. 
In Section 4.3.4 I also assess whether scatt, f/b, or az/b and Mie-Lorenz theory can be used to 
estimate the MSC of fractal aerosols. I modeled the optical properties (MSC, scatt, f/b, and 
az/b) for the range of aerosol sizes and refractive index in Table 4.2, for both spherical and fractal 
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aerosols. That is, I calculate the optical properties of a spherical aerosol of a given radius using 
Mie-Lorenz theory, and of a fractal aerosol of equivalent volume as the sphere using the model of 
Sorensen (2001). For the fractal parameters I assumed a monomer radius a of 20 nm and k0 of 
1.19, and chose a value of Df between 1.5 and 2.5 to account for the variability in morphology 
between different aerosols. The number of monomers NS is then calculated to match the volume 
of the spherical aerosol used in the Mie-Lorenz calculation. Rg is then calculated from equation 
(4.2). Agreement between the MSC estimated with Mie-Lorenz theory and that using the fractal 
model of Sorensen indicates whether scatt, f/b, or az/b and Mie-Lorenz theory can be used to 
estimate the MSC of fractal aerosols. 
4.3. Results 
4.3.1. Variability of MSC due to changes in aerosol properties 
Figure 4.1 shows contour plots of MSC for different values of CMD, GSD, and m = n + ik. The 
region of CMD, GSD, and m values from Table 4.2 is marked by the dashed blue line; this region 
corresponds to aerosols from biofuel burning. Within this region, MSC has a large variability, 
between 0.08 and 10.8 m2/g. MSC is sensitive to CMD, GSD, and n, with the highest MSC values 
for CMD between 200 nm and 300 nm. MSC is less sensitive to k, except for very absorbing 
aerosols (k close to 1). Since the effect of k on MSC is minor in comparison to the other parameters, 
in the following all calculations are done for fixed k = 0.01. 
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Figure 4.1 Contour plots of MSC vs. (a) CMD and k, for fixed  = 550 nm, GSD = 1.5, and n = 1.45, (b) CMD 
and n, for  = 550 nm, GSD = 1.5, and k = 0.01, and (c) CMD and GSD, for  = 550 nm, n = 1.64, and k = 0.01. 
The region marked by the dashed line corresponds to the range of values relevant to biofuel burning aerosols, 
also given in Table 4.2. 
The complex dependence of MSC on CMD, GSD, and n makes estimating MSC a difficult task. 
A minimum in MSC of 3 m2/g can be found for CMD = 300 nm, m = 1.64 + i0.01, and GSD = 2.2, 
and a maximum MSC of 11 m2/g is found for the same parameters but GSD = 1.3. This highlights 
the sensitivity of MSC to the aerosol size distribution, particularly the GSD. This variability 
implies that MSC is not well constrained simply by knowing that the aerosol source is biofuel 
combustion. 
4.3.2. Variability of MSC within a single burning event  
Table 4.3 shows a summary of measured size distributions for different combustion phases, as well 
as appliance and fuel type. From this information, I estimated the corresponding value of MSC 
using Mie-Lorenz theory, assuming m = 1.5 + 0.01i and density of 1 g/cm3. 
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Table 4.3 Summary of measured size distributions of aerosols from biofuel combustion, and the estimated MSC 
(right column) for  = 550 nm, assuming m = 1.5 + 0.01i and density of 1 g/cm3.  
Reference Appliance Fuel Combustion phase and 
CMD [nm] 
GSD MSC 
[m2/g] 
Hueglin et al. (1997) Wood stove 
and chip 
burner 
Dried beech 
wood logs 
Start-up: 200 – 300 
Intermediate: 150 
Burn out: 50 – 60 
1.8 – 2.0 3.7 – 6.4 
5.7 – 6.2 
2.0 – 4.3 
Hedberg et al. 
(2002) 
Soapstone 
stove 
Birch wood 
logs 
Start-up: 52 
Smoldering: (bimodal) 
27 and 127 
1.9 
1.3 – 2.0 
and 
1.6 – 1.7 
3.0 
4.3 – 7.8 
Tissari et al. (2008) Masonry 
heater 
Birch wood 
logs 
Normal combustion: 56 
Smoldering: 160 
1.8 
2.2 
2.4 
4.4 
Londhal et al. 
(2008) 
Wood pellet 
burner 
Softwood 
pellet 
Turbulent combustion: 81 
Laminar flame: 137 
1.5 
1.8 
1.3 
6.0 
Chakrabarty et al. 
(2010) 
Laboratory Duff Smoldering: 70 1.9 4.2 
Hosseini et al. 
(2010) 
Laboratory Chaparral 
shrub and 
oak wood 
Flaming: 30 – 80 
Mixed: 30 – 50 
Smoldering: (bimodal)  
10 and 30 – 50 
1.5 – 1.8a 
1.5 – 1.7a 
1.3 – 1.6a 
0.01 – 3.9 
0.01 – 1.2 
0.02 – 0.7 
Pettersson et al. 
(2011) 
Wood stove Birch, pine, 
and spruce 
logs 
Start-up & intermediate 
(bimodal): 100 and 300 
Burn out: 30 
Not given 3.5 and 
6.6b 
0.3b 
Bafver et al. (2011) Wood and 
pellet stoves 
Wood and 
pellet 
Start-up: 400 
Intermediate & burn out: 
100 
Not given 5.5 
3.5 
Fang et al. (2014) Methane-air 
flame 
Different 
biomass type 
Pyrolysis: 58 – 113 1.4 – 1.7 0.3 – 4.6 
Torvela et al. (2014) Wood chips Biomass 
combustion 
reactor 
Efficient: 50 ± 5 
Intermediate: 90 ± 20 
Smoldering: 100 ± 40 
1.9 
2.2 
1.9 
2.8 
5.4 
5.4 
a Calculated as described in Section 4.2.1.2 
b Assumed a GSD of 1.65 following the work of Fang et al. (2014).
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There is a wide variability in MSC, ranging between 0.01 and 7.8 m2/g for the different combustion 
phases. The smallest values are associated with Aitken mode aerosols, and the largest MSC 
corresponds to the bimodal distribution from the smoldering of birch logs reported by Hedberg et 
al. (2002). Whereas MSC increases by up to a factor of 2 from start-up or flaming to smoldering 
phase in the study of Hedberg et al. (2002), Tissari et al. (2008), and Torvela et al. (2014), it does 
not change or even decreases for the studies of Hueglin et al. (1997), Hosseini et al. (2010), and 
Bafver et al. (2011). 
Figure 4.2 illustrates the variability in CMD that likely occurs throughout every combustion event, 
using one of the few experiments that provides sufficient data to evaluate it. Hosseini et al. (2010) 
measured the evolution of the CMD of aerosols emitted from the combustion of three chaparral 
fuels: manzanita, coastal sage, and mesquite (dashed lines, left axis). I used the CMD to estimate 
the corresponding MSC (solid lines, right axis), using GSD = 1.65 from the average of the size 
distributions, and assuming m = 1.5 + 0.01i and density of 1 g/cm3 as in Table 4.3. There is a rapid 
increase in MSC at the start of the combustion for all three fuels, corresponding to the flaming 
phase, followed by a slow decrease once smoldering starts (Hosseini et al., 2010). The MSC of 
aerosols from manzanita and coastal sage burning decreases to about 0.04 m2/g, whereas that from 
mesquite burning remains close to 0.4 m2/g for about 3 minutes longer, before decreasing to a 
similar value. Also shown is the average MSC for the three tests (dashed grey line), which 
underestimates the MSC in the initial peak by up to 80%, and overestimates the MSC in the 
smoldering phase by a factor of 5. This shows that even if a filter is used so that the integrated 
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signal is normalized to match the gravimetric mass, this correction would fail to apportion the mass 
to each phase. 
 
Figure 4.2 Evolution of the CMD (left axis) of aerosols emitted from the combustion of three different types of 
biomass, manzanita (blue dashed line), coastal sage (green), and mesquite (red), obtained from Hosseini et al. 
(2010).  Also shown is the corresponding MSC (right axis, solid lines) for  = 550 nm, calculated using the 
measured CMD and assuming GSD of 1.65 and m = 1.5 + 0.01i. 
The results in Table 4.3 and Figure 4.2 show that neglecting the variability of MSC throughout the 
combustion phases of a single burning event can lead to uncertainties in the estimated aerosol mass 
concentration apportioned to each phase, even if the average MSC were corrected with a 
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measurement of gravimetric mass. The variability assessed here is likely a low estimate since 
changes in refractive index and density with combustion phase would also add to the uncertainty 
in MSC. 
4.3.3. Constructing the look-up table: Using the scattering Angstrom exponent and 
angular scattering to constrain MSC 
The previous sections quantified the variability of MSC, either between different combustion 
events, or throughout a combustion event due to changes in combustion efficiency. In this section 
I assess if the correlation between scatt and aerosol size can be used to estimate MSC. As an 
example, Figure 4.3a shows a contour plot of both MSC (colored area) and isolines of scatt (black 
solid lines) vs. CMD and n, for a fixed value of GSD of 1.6. For a given isoline of scatt, MSC is 
limited to a specific range of values, and that range is smaller than the overall range from biofuel 
combustion. Therefore, if scatt were known, one could limit MSC from the information shown in 
this plot. For instance, Figure 4.3b shows a histogram of the MSC of all scenarios with GSD = 1.6 
and scatt between 2.7 and 3.3. For this case, the median MSC and standard deviation are 2.9 and 
1.0 m2/g, respectively.   
However, GSD is usually not known in field studies. This approach can be extended to a variable 
GSD with the look-up table extended to all cases in Table 4.2. The resulting MSC distribution, 
shown in Figure 4.3c, is broader and has a higher standard deviation by 40%. This shows that 
uncertainty in GSD contributes to the inability to constrain MSC. 
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Figure 4.3 (a) Contour plot of MSC (colors) and the Angstrom exponent (solid black lines) vs. CMD and n, for 
a fixed value of GSD = 1.6. (b) Histograms of MSC values of scenarios with scatt = 3 ± 0.3, with GSD = 1.6. The 
value of MSC given in the graph is the median of the histogram and one standard deviation MSC. (c) As in (b), 
but for GSD between 1.3 and 2.2. 
Each distribution of MSC can also be presented as box plots, as shown in Figure 4.4a. The 
advantage of this presentation is the ability to present MSC ranges (y-axis) for a greater number 
of scatt values (x-axis). The median MSC decreases from 6.2 m2/g for scatt of 1.5, to 0.7 m2/g for 
scatt of 4. The uncertainty, calculated as three times the standard deviation of the distribution, 
varies from 1.6 m2/g for scatt of 4, up to 4.7 m2/g for scatt of 2.5. Considering that MSC can vary 
between 0.08 and 10.8 m2/g when no method is used to constrain it (Section 4.3.1), 4.7 m2/g is a 
significant constrain in the variability of MSC, but still too large since it would result in an 
uncertainty of a factor of 2 in the inferred aerosol mass concentration.  
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Figure 4.4 (a) The information from the histogram in Figure 4.3c is presented as box plots for different values 
of scatt (x-axis) with the corresponding estimate of MSC (y-axis). This approach can also be used to estimate 
MSC using (b) the forward-to-backward scattering ratio, or (c) azimuthal-to-backward scattering ratio. 
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A similar approach can be used with measurements of the forward-to-backward scattering ratio 
f/b, as shown in Figure 4.4b. For the modeled range of CMD, GSD, and n, f/b ranges from 1.2 
up to 65.1. The box plots have a consistent median MSC of 5 ± 1 m2/g for f/b greater than 20. 
The uncertainty is up to 4.6 m2/g at f/b of 35. MSC is more constrained for f/b higher than 50 
or smaller than 10, corresponding to CMD above 260 nm or below 75 nm, respectively.  
Figure 4.4c presents results of a similar approach using az/b instead of f/b. The value of az/b 
ranges between 0.76 and 6.97, with median MSC increasing from 0.7 m2/g to about 9.4 m2/g. The 
uncertainty in MSC when using az/b ranges from 1.5 m2/g for small values of az/b, up to 
5.1 m2/g for az/b of 5.5. This is a reduction in uncertainty of at least 22%, compared to when no 
method is used to constrain MSC. 
MSC can be further constrained if these approaches are combined. Figure 4.5 shows an example 
of estimating MSC using only scatt, only f/b, only az/b, both scatt and f/b, both f/b and 
az/b, or all three parameters. This specific example uses scatt = 2 ± 0.2, f/b = 20 ± 1, and az/b 
= 3.5 ± 0.15, and results are shown in Table 4.4. Using only the Angstrom exponent results in an 
estimate of MSC of 5.6 ± 4.4 m2/g. Using only f/b the estimated MSC is 6.1 ± 4.3 m2/g, which 
is within the estimate obtained using scatt, and with a similar uncertainty. Using only az/b the 
estimated MSC is 5.6 ± 3.7 m2/g, i.e., the uncertainty is reduced by 21%. Using both scatt and 
f/b results in MSC of 5.8 ± 3.5 m2/g, so that using more parameters does not necessarily improve 
the estimate. Using both ratios f/b and az/b leads to a higher estimate of 6.5 ± 3.7 m2/g.  
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However, when using all three parameters (scatt, f/b, and az/b) the estimated MSC is 5.6 ± 1.5 
m2/g, i.e., the uncertainty is reduced by a factor of 3. 
 
Figure 4.5 Constraining MSC using either (from left to right) only scatt, onlyf/b, onlyaz/b, both scatt and 
f/b, both f/b and az/b,, or the three parameters. The specific case analyzed is scatt = 2 ± 0.2, f/b = 20 ± 1, 
az/b = 3 ± 0.15. 
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Table 4.4. Median and uncertainty of MSC in m2/g estimated using either scatt, f/b, az/b, both scatt and 
f/b, both f/b and az/b, or all three parameters combined. The first example uses scatt = 2 ± 0.2, f/b = 20 
± 1, and az/b = 3 ± 0.15, and the second example uses scatt = 3.5 ± 0.35, f/b = 12 ± 0.6, and az/b = 4 ± 0.2. 
The uncertainty shown here is calculated as three times the standard deviation of MSC. 
Method 
scatt = 2, f/b = 20, az/b = 3

scatt = 3.5, f/b = 12, az/b = 4
Median MSC Uncertainty 

Median MSC Uncertainty 
scatt 5.6 4.4 
 
1.6 3.1 
f/b 6.1 4.3 
 
3.8 3.0 
az/b 5.6 3.7 
 
6.3 4.7 
scattf/b 5.8 3.5 
 
5.7 1.6 
f/baz/b 6.5 3.7 
 
4.6 3.3 
All three 5.6 1.5   5.3 1.6 
 
All constraining approaches provide similar estimates of MSC, between 5.6 and 6.5 m2/g, differing 
mostly in the uncertainty.  However, this is not the case for all scenarios. For instance, for a 
different example using scatt = 3.5 ± 0.35, f/b = 12 ± 0.6, and az/b = 4 ± 0.2, different 
approaches lead to different estimates (Table 4.4). Using scatt results in MSC = 1.6 ± 3.1 m2/g, 
using f/b results in MSC = 3.8 ± 3 m2/g, and using az/b results in MSC = 6.3 ± 4.7 m2/g, i.e., 
all very different estimates. This shows that measuring only one of these parameters can lead to 
MSC estimates differing by about a factor of 2.  
This section has shown that scatt, f/b, and az/b can be used to constrain MSC, resulting in a 
distribution of MSC values (e.g., Figure 4.3c). The median and width of this distribution can be 
used as the estimated MSC and its uncertainty. This approach can be tabulated, as shown in Table 
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C.1. For given values of scatt, f/b, and az/b, this look-up table provides the median MSC and 
its uncertainty. 
4.3.3.1. Reduction in MSC uncertainty when using the look-up table approach 
The look-up table (Table C.1) shows the median MSC and its uncertainty for each set of values of 
scatt, f/b, and az/b. The uncertainty ranges between 0.3 and 4 m2/g, with a median value of 1.6 
m2/g. To compare, the distribution of MSC of all the scenarios in Table 4.2 has a variance of 4.7 
m2/g. This indicates that the look-up table approach could constrain MSC by about (4.7 – 1.6)/4.7 
= 66%, relative to when no method is used to constrain MSC. 
The uncertainty in the MSC estimated with the look-up table also depends on the uncertainty of 
the inputs. For instance, if f/b, and az/b are increased from 10% to 20%, then the 
uncertainty in the estimated MSC increases by 30%.  
The MSC estimated is also sensitive to the construction of the look-up table. Using a coarse 
resolution to generate plausible scenarios gives a greater uncertainty in predicted MSC. For 
instance, if Table 4.2 were constructed with steps of n of 0.02 instead of 0.01, 50 values of CMD 
instead of 200, and steps of GSD of 0.1 instead of 0.05, the table would contain 6,500 scenarios 
instead of 93,600. Using scatt to estimate MSC results in a value about 5% lower. However, using 
f/b, the estimated MSC is about 10% lower, and the uncertainty can be about 50% higher. When 
using az/b, the estimated MSC is between 20% and 50% lower, and the uncertainty can be about 
50% higher for az/b ratios above 6. 
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4.3.4. Scattering by a distribution of fractal aerosols 
In this section I assess whether scatt, f/b, and az/b, together with Mie-Lorenz theory, can be 
used to estimate MSC of fractal aerosols. For modeling the scattering of fractal aerosols I used the 
model of Sorensen (2001), and compared with the exact T-Matrix calculations of Liu and 
Mishchenko (2005). The angular distribution of scattering predicted by the model of Sorensen 
agrees with the T-Matrix calculation within 60% on average, although at specific angles they can 
differ by up to a factor of two (Appendix C). In predicting MSC, the model of Sorensen reproduces 
the T-Matrix results within about 36%, or 1 ± 0.5 m2/g. This is sufficient for the scope of this work 
since I do not attempt to precisely model the scattering of a fractal but rather assess if non-spherical 
effects would significantly affect the conclusions of this work. 
To assess the error due to the spherical assumption, I repeated the calculations of Section 4.3.3 but 
for fractal aerosols. Then I compared the distribution of MSC that would be estimated for spherical 
aerosols when using scatt as constraint, with that of fractal aerosols with the same scatt, as shown 
in Figure 4.6a. The blue and orange box plots show the MSC estimated for spherical or fractal 
aerosols, respectively, for different values of scatt. A higher or lower value of the median of a blue 
box plot over the orange box plot indicates that the spherical aerosol assumption leads to 
overestimate or underestimate the MSC of fractal aerosols, respectively. I conduct a similar 
analysis for f/b (Figure 4.6b) and az/b (Figure 4.6c). 
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Figure 4.6 MSC estimated for spherical (blue box plots) or fractal aerosols (orange box plots), using either 
(a) scatt, (b) f/b, or (c) az/b. 
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Using scatt as constraint leads to overestimating MSC of fractal aerosols by up to 80% (Figure 
4.6a). Whereas the scatt of spherical aerosols is as low as 0.003, fractal aerosols are more sensitive 
to wavelength and the value of scatt for fractal aerosols is never smaller than 2 (blue box plots in 
Figure 4.6a). For instance, for m = 1.45 + 0.01i, CMD = 300 nm, and GSD = 2.2, MSC of spheres 
changes from 2.50 to 2.44 m2/g between  = 550 and 880 nm (equivalent to scatt of 0.03), and 
MSC of fractals changes from 2.6 to 0.9 m2/g (equivalent to scatt of 2.27). The high values of scatt 
is consistent with the model of Sorensen (2001) being an extension of Rayleigh scattering by small 
aerosols. Values of scatt greater than 2 have also been reported for biomass burning aerosols. Reid 
et al. (1998) measured scatt between 2.4 and 2.6 for 1 = 550 and 2 = 700 nm for fresh smoke in 
the Amazon basin. Chand et al. (2006) found scatt = 2.0 ± 0.4 for 1 = 450 and  = 700 nm for 
biomass burning aerosols in the Amazon Basin. Hungershoefer et al. (2008) measured scatt 
between 1.7 and 2.2 for 1 = 550 and  = 770 nm for fresh biomass burning aerosols produced in 
a smoke chamber. 
Figure 4.6b and Figure 4.6c show that assuming spherical aerosols when estimating MSC with 
f/b or az/b leads to greatly overpredicting MSC if the aerosols are actually fractals. Using f/b 
can lead to overestimating MSC by up to a factor of 6, and with az/b by up to a factor of 34. This 
is consistent with the large difference between the angular distribution of scattering by fractals and 
spherical aerosols, as shown in the appendix (Figure C.1). 
These results indicate that using the scattering Angstrom exponent or the angular distribution of 
scattering to estimate MSC of fractal aerosols would lead to overpredicting their MSC, and hence 
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underpredicting the mass of BC aerosols in the flaming phase relative to OC aerosols in the 
smoldering phase 
4.4. Conclusion 
The findings presented here are relevant to the interpretation of light scattering as a proxy of 
aerosol mass concentration, which is done in several commercial instruments. The main 
uncertainty in using light scattering as a proxy of aerosol mass concentration is the assumption of 
a fixed MSC value. The objective of this project was to assess the use of the wavelength 
dependence and the angular distribution of scattered light to constrain MSC, and thus improve 
measurements of aerosol mass concentration, for the case of aerosols from residential biofuel 
combustion. Using Mie-Lorenz theory, I simulated values of MSC ranging between 0.04 and 
10.8 m2/g for the range of size distributions and refractive index of biofuel burning aerosols (Table 
4.2). I also evaluated how the variability of MSC within a single combustion event due to changes 
in combustion phase. Assuming a fixed MSC neglects changes in aerosol size with combustion 
phase, resulting in uncertainties in the mass apportioned to different combustion phases of up to a 
factor of 5 during a single combustion event, for an example where time-dependent sizes were 
provided. 
The main contribution of this work is providing a quantitative assessment of uncertainties in MSC 
for aerosols emitted from biofuel combustion, since commercial instruments such as the DustTrak 
may be used to measure concentrations without correcting for changes in MSC. This work also 
evaluates the possibility of using a look-up table approach using the scattering Angstrom exponent 
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and ratios of forward-to-backward and azimuthal-to-backward scattered light to estimate MSC. 
This approach could potentially reduce the uncertainty in MSC by 66% on average, if the spherical 
aerosol assumption is applicable. The uncertainty in the estimated MSC would increase with the 
uncertainty of the input parameters.  
Due to the sensitivity of light scattering to aerosol morphology, the angular distribution of 
scattering may not be useful to estimate MSC for uncoated soot aerosols. Since efficient 
combustion has been correlated with non-spherical aerosols with higher BC content (Martins et 
al., 1998; Torvela et al., 2014; Levin et al., 2010), using f/b or az/b could overestimate MSC 
by up to an order of magnitude during flaming combustion. Using scatt could overestimate their 
MSC by up to 80%. 
Assumptions in the construction of the look-up table were that each size distribution and refractive 
index is equally likely, and a density of 1 g/cm3 was used for biofuel burning aerosols. However, 
the advantage of a look-up table approach is that it can be applied to other probability distributions 
and aerosol densities, as well as other aerosol sources besides residential biofuel combustion. The 
findings presented here are important because light scattering is widely used in commercial 
photometers as a proxy of aerosol mass concentration.  
4.5. Summary 
The objective of this project was to assess ways of reducing the uncertainty in aerosol mass 
concentration obtained from measurements of light scattering, using parameters easily measured 
in field tests. The main findings are: 
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• MSC varies between 0.08 and 10.8 m2/g for the range of aerosol sizes and refractive index 
modeled in this study (Table 4.2).  
• From a review of variations in aerosol size distribution with combustion phase, it was estimated 
that MSC can vary by up to an order of magnitude between start-up, flaming, and smoldering 
phases. Hence, assuming an average MSC for a combustion event can lead to erroneous 
attribution of mass to these phases, as shown in Section 4.3.2.  
• A look-up table approach using scatt, f/b, and az/b can be used to constrain MSC, and 
hence, reduce the uncertainty in the estimated aerosol mass concentration. Using only one of 
the three parameters in the look-up table, i.e., either scatt, f/b, or az/b, results in an 
uncertainty in the estimated MSC of up to 5 m2/g. However, if the parameters are combined, 
the uncertainty in MSC ranges between 0.3 and 4 m2/g, with a median value of 1.6 m2/g.  
• Using the look-up table with the spherical aerosol assumption for fractal aerosols would lead 
to overestimate MSC, and hence, underestimate their mass. Using f/b and az/b leads to 
overestimating MSC by up to an order of magnitude, and using scatt would overestimate MSC 
by up to 80%. 
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5. CHAPTER 5 
SUMMARY AND RECOMMENDATIONS 
 
In this section, I summarize the major findings of each of the three projects that compose this 
dissertation, and discuss recommendations for future research. 
5.1. Plume-exit modeling to determine cloud condensation nuclei activity of aerosols from 
residential biofuel combustion 
To my knowledge, this project is the first work modeling the evolution of the size distribution and 
mixing state of aerosols in a fresh plume, from the point of emission until they reach ambient 
temperature and relative humidity (i.e., plume exit). By identifying the main plume processes that 
determine the size and mixing state, and hence, CCN activity of biofuel burning aerosols, the 
findings of this project contribute to improving the understanding of the connection between 
aerosol properties at the source and their effect on cloud characteristics. This information is 
important to constrain inputs in models, hence reducing the uncertainty in the aerosol direct and 
indirect effect. For instance:  
- Bauer et al. (2010) assessed the sensitivity of the aerosol direct and indirect effect to 
assumptions on emission aerosol size and mixing state. They modeled emission mass median 
diameters between 10 and 500 nm (equivalent to count median diameters between 5 and 260 
nm if assuming a geometric standard deviation of 1.6). They estimated an uncertainty range of 
the direct effect of between -2.68 and -1.18 W/m2, and for the indirect effect of between -0.65 
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and -0.13 W/m2. However, the findings of this dissertation indicate that their scenario of 
diameters smaller than 50 nm is less likely due to growth from the high coagulation rate of 
small aerosols, requiring EFPM smaller than 2 g/kg. Furthermore, Bauer et al. (2010) assumed 
external mixtures of OC and BC for biofuel burning aerosols at emission for all sizes, whereas 
this dissertation indicates that Aitken mode aerosols would be internally mixed. Applying these 
constraints on their findings would reduce their estimated uncertainty range of the direct effect 
to between -1.78 and -1.18 W/m2, and for the indirect effect to between -0.45 and -0.11 W/m-2. 
-  Similarly, Kodros et al. (2015) estimated the radiative forcing of biofuel burning aerosols, and 
its sensitivity to assumptions on emission size and mixing state, relative to a scenario with no 
biofuel burning emissions. They estimated an uncertainty range for the aerosol direct effect of 
biofuel burning aerosols between -0.008 and +0.019 W/m2 if aerosols are emitted with a 
median diameter of 30 nm, the variability due to different mixing states. Including the 
constraint of this dissertation that these small aerosols would be internally mixed, the 
uncertainty range is reduced to between +0.004 and +0.019 W/m2, indicating that the forcing 
would be positive. 
Emission inventories provide information on the aerosol mass emitted from different sources (e.g., 
Bond et al., 2004; Akagi et al., 2011), and the choice of size distribution and mixing state is left to 
the modeler. These examples show how the findings of this project contribute to constrain the 
aerosol properties used in models, and hence, reduce the uncertainty in the radiative forcing of 
biofuel burning aerosols. 
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5.1.1. Recommendations for future work 
Modeling the evolution of a biofuel burning plume with PartMC-MOSAIC required the aerosol 
size and composition and plume gas concentration at the point of emission, i.e., near the flame, 
which is not possible to measure. Therefore, the initial conditions used in this work were chosen 
as to produce aerosol properties and plume gas concentrations that are consistent with field 
observations, but this does not fully validate the choices. Experimental verification of some of the 
findings of this investigation would validate the procedure followed in this work and further 
confirm the conclusions. Regarding experimental verification of these findings, laboratory tests 
using a CCN counter could verify the upper limit of EICCN of 10
16 kg-1 predicted here. The role of 
SVOCs on aerosol activation could be estimated by comparing measurements of EICCN under 
different dilution ratios to control the gas-to-aerosol partition, since under the more diluted 
environments the semi-volatile species should partition to the gas phase. Furthermore, to test the 
use of an average hygroscopicity to estimate EICCN, one could use measurements of aerosol size 
and composition obtained with an Aerodyne Aerosol Mass Spectrometer to estimate CCN activity, 
and compare predictions with measured values with the CCN counter. Considering the variability 
of emissions with combustion phase, as described in Chapter 4, these experiments should be 
conducted under isolated phases of combustion.  
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5.2. The Search for Model-Measurement Closure in Light Absorption of Organic Carbon at 
High Relative Humidity 
This closure study aimed to provide a theoretical model that can explain measured optical 
properties of OC emitted from the pyrolysis of wood from dry conditions up to 95% RH. An 
important aspect of this project was assessing different representations of the effective refractive 
index of humidified OC aerosols. The main findings of this project are:  
• A test using ammonium sulfate confirmed the accuracy and precision of the H-TDMA system, 
which gives confidence on the size growth factor measured up to 92% RH. 
• Tests with absorbing nigrosin aerosols showed that the protocol used for assessing closure 
results in agreement between measured and modeled extinction, scattering, and absorption 
within the uncertainties of the system up to 92% RH. In particular, this benchmark allowed 
estimating the precision and accuracy when using the difference method to measure absorption 
of highly-absorbing, soluble aerosols like nigrosin.  
• Uncertainty in the extrapolation in nigrosin aerosol size between 92% and 95% RH can explain 
the mismatch between modeled and measured extinction and scattering at this RH range. 
• Regarding the closure in optical properties of OC, agreement between modeled and measured 
extinction and scattering of OC was obtained up to 92% RH, within the uncertainty of the 
system. However, no refractive index model was able to reproduce the measured increase in 
light absorption of a factor of two at high RH.  
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• A close examination of the optical benchmark using ammonium sulfate showed that there is a 
bias between the extinction cell and nephelometer that increases with RH, from 2% of the 
extinction signal at 80% RH, to 4% of the extinction at 90% RH. This bias is equivalent to an 
artificial absorption that increases with RH, and could explain the OC absorption increase with 
RH observed in the measurements. 
• A possible cause of the bias is the heating in the nephelometer volume. Although Brem et al. 
(2012) modified the nephelometer to minimize this effect, it was still detected as a shift in the 
measured deliquescence in the optical benchmark study. 
• The modeling section of the project provided estimates of the hygroscopicity parameter  and 
refractive index of OC, consistent with values reported elsewhere (Table 3.2). Due to the large 
uncertainty in measured absorption, the uncertainty in the imaginary part of the refractive index 
is a factor of 2 at a wavelength of 467 nm, and a factor of 10 at 550 nm. 
• Extinction and scattering predicted with the different mixing rules agree within 5% for nigrosin 
and 10% for OC. Absorption predicted with the different mixing rules agrees within 14% for 
nigrosin and 20% for OC. At high RH, this variability in predicted optical properties due to the 
choice of refractive index mixing rule is about 40% smaller than the uncertainty in the model 
propagated from the uncertainty in the instrumentation (i.e., CPC, SMPS, and H-TDMA). 
The main contributions of this study are conducting a closure study that quantifies the accuracy 
and precision of the difference method for measuring light absorption at high RH by highly 
absorbing soluble aerosols like nigrosin, from dry conditions up to 92% RH. The study with OC 
shows that the difference method results in a large uncertainty if the absorption signal is close to 
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the accuracy of the extinction cell and nephelometer. This study also provides a possible 
explanation for the absorption increase reported in Brem et al. (2012). Furthermore, this study 
demonstrated that the uncertainty from the model used for the effective refractive index of 
humidified aerosols is small relative to other uncertainties in the system.  
Considering the abundance of OC in the atmosphere, it is important to have an accurate 
understanding of the hygroscopicity and optical properties of OC. 
5.2.1. Recommendations for future research 
A bias in the extinction cell and nephelometer is the most likely explanation I found for the 
absorption increase reported in Brem et al. (2012), although the variability in the data makes it 
difficult to calculate a correction to this bias. Benchmark tests should be more thoroughly 
conducted before further measurement of absorption is accomplished. This characterization would 
also be useful to estimate the limit of detection of the difference method. 
5.3. Light scattering as proxy of aerosol mass concentration from residential biofuel 
combustion 
In this project I assessed theoretical approaches to reduce the uncertainty in estimates of aerosol 
mass concentration obtained from measurements of light scattering. The analysis focused on 
aerosols from biofuel burning, but the framework developed can be applied to other sources. Since 
the main uncertainty in using light scattering as a proxy of aerosol mass concentration comes from 
the assumption of a fixed MSC value, I assessed different means of estimating and constraining 
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MSC. The simulations confirmed a wide range of MSC (between 0.04 and 10.8 m2/g) for aerosol 
sizes and refractive index characteristic of biofuel burning aerosols. 
• MSC can change by up to an order of magnitude between different combustion phases. 
Assuming a fixed MSC value can lead to erroneous attribution of mass to these phases, 
overpredicting mass by a factor of 2 for the flaming phase for an example for which time-
dependent sizes were available. 
• I assessed the use of scattering Angstrom exponent and angular distribution of light to constrain 
MSC. Using only one of three parameters — scatt, f/b, or az/b — results in an uncertainty 
in the estimated MSC of up to 5 m2/g, and this uncertainty would translate directly into 
inferences of mass.  
• The uncertainty can be further reduced if these parameters are combined. The median 
uncertainty in predicted MSC when using scatt,f/b, andaz/b is 1.6 m2/g on average, or 
about 66% smaller than when no method is used to constrain MSC.  
• Due to the large sensitivity of scattering to aerosol morphology, f/b andaz/b cannot be 
used to estimate MSC of fractal aerosols like soot, since it could lead to overestimating MSC 
by up to an order of magnitude. Using scatt would overestimate MSC by up to 80%. 
The main contribution of this project is providing a method that can be used to improve estimates 
of the aerosol mass concentration from measurements of light scattering in commercial 
instruments, without sacrificing the simplicity currently afforded by real-time measurements. One 
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of the advantages of a look-up table approach is that it can be adjusted, for instance, for different 
light wavelengths, scattering angles, or emission sources.  
Currently some instruments include a aerosol filter to correct the MSC value used. The advantage 
of using the scattering Angstrom exponent and angular distribution of light is that it can provide 
estimates of MSC and its uncertainty in real time, while the measurement is being conducted. 
5.3.1. Recommendations for future research 
As with any theoretical analysis, it is important to assess the validity of the findings with 
measurements. The tests that I could suggest to further develop this research are:  
• One of the main assumptions in the look-up table approach is that each scenario of aerosol size 
and refractive index is equally likely. One could construct probability density functions from 
repeated measurements of aerosol size and composition under controlled laboratory 
conditions, instead of assuming one particular distribution. 
• Laboratory experiments could be used to test the look-up table approach. Using aerosols of 
known composition, with a nephelometer measuring scatt,f/b, andaz/b, and a filter to 
collect the aerosol mass, one could test the accuracy and precision of the estimated MSC, and 
possibly calculate corrections based on the empirical data. 
• An important limitation in the look-up table approach is the high uncertainty for fractal 
aerosols. Controlled laboratory tests using flaming combustion emissions would be useful to 
test the validity of the look-up table approach for BC aerosols.  
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• The project was focused on analyzing the non-linear correlation between aerosol size and 
refractive index and the scattered light. Variability in MSC due to density was neglected since 
it is a multiplicative factor, but it would be another source of uncertainty to take into account 
in the estimation of MSC.  
• A measured scattering signal can differ from Mie-Lorenz theory due to non-idealities in the 
instrumentation, that is, the truncation at forward and backward scattering angles (near 0 and 
180 degrees, respectively), and the non-sinusoidal illumination of the light source (Anderson 
and Ogren, 1998; Bond et al., 2009). It would be useful to assess the error in the estimated 
MSC due to neglecting the truncation of the instrumentation when constructing the look-up 
table.  
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APPENDIX A 
MODEL FOR THE PLUME DILUTION RATE 
 
A.1 Plume-exit modeling to determine cloud condensation nuclei activity of aerosols from 
residential biofuel combustion: plume dilution rate 
An experiment with a wood burning heat stove was conducted to obtain the temperature and 
velocity profile of a biofuel burning plume. The area around the stove was protected from 
crosswind interaction.  Plume temperature and velocity were measured with a thermocouple and a 
hot-wire anemometer in vertical intervals above the stove stack exit in 6 different points, each 1 
feet apart. From the plume temperature, velocity, and position of the instruments, the plume 
temperature profile was calculated and shown in Figure A.1. 
 
Figure A.1 Measured and modeled plume temperature vs. time, for different values of the dilution parameter 
. In the plot t = 1 s is a reference time for the first measurement taken 
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APPENDIX B 
BENCHMARK TEST OF THE OPTICAL INSTRUMENTATION 
 
B.1 The Search for Model-Measurement Closure in Light Absorption of Organic Carbon at 
High Relative Humidity: ammonium sulfate test 
Measurements of the optical properties of ammonium sulfate were used to test the accuracy and 
precision of the optical instrumentation in Brem et al. (2012), since extinction equals scattering for 
non-absorbing aerosols like ammonium sulfate. Below deliquescence, the measured extinction and 
scattering match within 10 to 20 Mm-1, less than 1% of the signal and within the uncertainty of the 
instrumentation. Figure B.1 shows the measurements of extinction (Figure B.1a) and scattering 
(Figure B.1b) above deliquescence (RH between than 80% and 92%). The data was fitted to an 
exponential of the form f(x) = a exp(bx), and the difference of both fits is shown in Figure B.1c. 
This Figure shows that the signal of the extinction is consistently higher than the scattering, and 
this bias increases with RH, from about 200 Mm-1 at 80% RH, to 400 Mm-1 at 90% RH. 
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Figure B.1 Measured (a) extinction and (b) scattering of ammonium sulfate aerosols for RH between 80% and 
92%, and the fits to the data (blue line). (c) Difference of the fits of the extinction and scattering data. 
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APPENDIX C: 
AEROSOL LIGHT SCATTERING AND LOOK-UP TABLE 
 
C.1 Scattering by a fractal aerosol 
The differential scattering cross-section of small spherical aerosols of radius R and refractive index 
m is given by the Rayleigh formula, 
𝑑𝜎
𝑑𝛺
= 𝑅6𝑘4 |
𝑚2−1
𝑚2+2
|
2
,          C.1 
where k = 2and  is the wavelength of lightThe analysis described in Sorensen (2001) 
approximates the scattering of a fractal as the product of the scattering of the N monomers of radius 
a and the structure factor S(q), that is, 
𝑑𝜎
𝑑𝛺
= 𝑁2
𝑑𝜎𝑚𝑜𝑛
𝑑𝛺
 𝑆(𝑞),          C.2 
where dmon is the differential scattering cross-section of one monomer, obtained from the first 
equation, and q is the scattering wave vector, defined as 
𝑞 =  
4 𝜋
𝜆
 𝑠𝑖𝑛 (𝜃 2⁄ ),          C.3 
where  is the scattering angle. Given an aerosol with fractal parameters Df and Rg, Table 2 in 
Sorensen (2001) provides an expression for the structure factor: 
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𝑆(𝑞) = 𝑒𝑥𝑝( −(𝑞𝑅𝑔)
2
/𝐷𝑓   ) ×   1𝐹1 ( (3 − 𝐷𝑓)/2, 3/2; (𝑞𝑅𝑔)
2
/𝐷𝑓  ),   C.4 
where 1F1 is the Kummer or hypergeometric function. For large values of the product qRg, of about 
1.3E3 for the range of fractal parameters that I model, the Kummer function is computationally 
intensive. In that case, I use the approximation of the structure factor provided in equation 52 in 
Sorensen (2001): 
𝑆(𝑞)  = (1 +
2
3𝐷𝑓
× (𝑞𝑅𝑔)
2
)^(−𝐷𝑓/2),        C.5 
From these equations, the optical properties of fractals can be calculated, including the MSC, scatt, 
f/b, and az/b. 
C.2 Phase function of a fractal aerosol 
Figure C.1 shows the phase function of fractal aerosols, calculated using the model of Sorensen 
(2001) (blue solid line). The phase function describes the angular dependence of the scattering of 
an aerosol. A high value of the phase function for a given scattering angle implies that more light 
is scattered in that angle. Also shown is the T-Matrix results of Liu and Mishchenko (2005) (red 
dashed lines), and the phase function of a spherical aerosol with the same volume as the fractal 
aerosol, obtained using Mie-Lorenz theory (dotted black line).  Different values of the fractal 
parameters were modeled to assess their effect on scattering. 
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The phase function predicted by the model of Sorensen and T-Matrix agree within 60% on average, 
although at specific angles they can differ by up to a factor of two. The phase function from the 
model of Sorensen differs from Mie-Lorenz theory for spheres from 70% for Df = 2.4, up to an 
order of magnitude for a = 50 nm. 
 
Figure C.1 Phase function of a fractal aerosol (blue solid line) for different values of the fractal parameters Ns, 
a, k0, and Df. The result is compared to the prediction of Liu and Mishchenko (2005) (red dashed line) and the 
Mie-Lorenz theory for a volume-equivalent sphere (black dotted line). The base case uses Ns = 200, a = 20 nm, 
k0 = 1.19, and Df = 1.82. The different plots are obtained by changing either (a) Df = 1.6 and 2.4, (b) k0 = 0.9 and 
2.1, (c) a = 5 and 50, and (d) Ns = 10 and 400. 
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C.3 Look-up Table 
The look-up table shows the estimated MSC and its uncertainty (MSC) corresponding to each 
trio of scatt, f/b, and az/b. Note that not all combinations of values of scatt, f/b, and az/b 
are possible, this is because they are constrained by the size of the aerosols. For instance, scatt = 
4 corresponds to small aerosols, hence only small values of f/b and f/b are consistent. 
Table C.1 Look-up table indicating the estimated MSC and its uncertainty MSC  [m2/g] corresponding  to 
each set of values of scatt, f/b, and az/b. 
scatt f/b az/b MSC MSC 
0.5 15 2 5.4 1.4 
0.5 20 2 4.9 1.5 
0.5 30 2 4.0 0.9 
0.5 40 2 3.5 0.5 
1 15 2 6.6 0.3 
1 20 3 7.2 1.9 
1 30 3 6.5 2.0 
1 40 3 5.9 0.7 
1 50 3 5.2 1.1 
2 15 3 5.9 1.1 
2 20 3 5.4 2.3 
2 20 4 7.8 1.4 
2 30 3 4.2 1.7 
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Table C.1 (continued) Look-up table indicating the estimated MSC and its uncertainty MSC  [m2/g] 
corresponding  to each set of values of scatt, f/b, and az/b 
scatt f/b az/b MSC MSC 
2 30 4 6.7 2.7 
2 30 5 9.0 2.3 
2 30 6 10.0 1.3 
2 30 7 10.6 0.4 
2 40 3 4.4 0.5 
2 40 4 5.9 2.5 
2 40 5 7.3 2.1 
2 50 4 5.6 1.2 
3 5 2 1.6 0.4 
3 10 2 2.3 1.5 
3 10 3 4.0 2.7 
3 10 4 4.5 3.1 
3 15 3 3.4 1.9 
3 15 4 5.1 3.5 
3 15 5 5.8 3.7 
3 20 4 4.0 2.0 
3 20 5 5.4 3.9 
3 20 6 7.2 3.0 
3 20 7 8.5 0.3 
3 30 6 4.7 2.2 
4 2 1 0.7 0.6 
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